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EDITOR'S PREFACE 

Although Ker 'orced Concrete has been hitherto more 
extensively utilised for railway purposes on the Continent 
and in America, it has of recent years been more largely 
adopted in this country for certain classes of structures. It 
is not claimed in this book that this material is universally 
applicable or suitable for all kinds of construction, and in 
many cases the nature of the site or the conditions of erection 
might render it inadvisable to use it ; but, on the other hand, 
it has many desirable features, more especially durability and 
economy of maintenance. These advantages and deficiencies 
have been clearly set forth by the Author in the opening 
chapter. 

The formulae given are comparatively few in number, are 
reduced to simple forms for facility of practical application, 
and by the aid of the curve diagrams calculations can be made 
with ease and expedition. A considerable number of worked- 
out examples have been included, covering the great majority 
of the problems which would occur in practice, and it is hoped 
that this will simplify the application of the formulsB. For 
convenience of reference the notation adopted and the formulae 
have been collected together in the last chapter, and an 
explanation is there given of the method of using the 
diagrams. 

G. M. 



AUTHOR'S PREFACE 

It has been the author's aim to describe in this book the 
generally accepted principles and processes upon which the 
design and construction of reinforced concrete structures 
depend, and more especially those structures which come 
within the practice of the railway engineer. 

The use of complicated formulae and calculations with which 
the literature of this subject has so frequently been associated 
has, as far as possible, been avoided, and attention has been 
concentrated upon arriving at results as simply as possible 
and presenting them in a convenient manner for use in the 
design of the various structures. The reader's attention is 
drawn to Figs. 10, 11, 14, 15 and 17, and the explanatory 
notes at the end of Chapter X., which the author has found 
useful and speedy for proportioning the parts of beams and 
other members subjected to bending. They are quite suffi- 
ciently accurate for all practical purposes, for it must not be 
forgotten that in applying the theory of bending to reinforced 
concrete beams in the generally accepted manner, very broad 
assumptions are made. 

On the other hand, the careful determination of reactions 
and bending moments, in the case of many reinforced concrete 
structures, is rendered very necessary, and at the same time 
more difficult, owing to their monolithic character. In this 
connection, and in determining the stresses in arches, for 
instance some of the problems presented have necessarily 
required mathematical treatment, but, where possible, graphic 
methods of procedure have been adopted. 

The method of dealing with flat arches, and the determina- 
tion of tlie stresses in sleepers, have been previously described 
by the author in The En (/in err and The Enfjineering Review 
and his thanks are due to the Editors of these periodicals for 
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permission to reproduce some of the illustrations and descrip- 
tive matter here. 

Much of the matter relating to materials and labour has 
been given in the form of extracts from specifications of some 
of the works described, with a view to making this part of the 
book of the greatest practical utility. 

For the illustrations and descriptions of some of the works 
described the author is indebted to the engineers or architects 
of the railways concerned, to the partners of the late Mr. L. G. 
Mouchel in the case of works carried out in Hennebique ferro 
concrete and to the Indented Bar and Concrete Engineering 
Company and the Trussed Concrete Steel Company in the 
case of structures reinforced with their respective specialities 
and carried out to their designs. 

J. D. W. B. 
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REINFORCED CONCRETE 
RAILWAY STRUCTURES 

CHAPTEE I 
preliminary considerations 

Development. 

The component parts of reinforced concrete are well known 
to railway engineers, and have been largely used by them for 
railway structures for many years. Lime concrete and iron, 
the forerunners of cement concrete and steel, entered into 
the construction of works in connection with the earliest rail- 
ways, and many of these are still standing as monuments to 
the skilful design and excellent materials employed in the 
building of them. The deservedly high reputation won by 
the earliest railway engineers, and the manner in which the 
structures built by them have stood the test of time and in 
many cases proved equal to carrying far heavier loads than 
those for which they were designed, have probably had a good 
deal to do with the conservatism of railway engineering 
practice. For instance, the types of bridges adopted in 
present-day designs have been gradually evolved from the 
early structures and there have been few radical changes in 
bridge construction. -But there is little doubt that the most 
important reason why railway engineering tends to lag behind 
the enterprise of commercial engineering lies in the fact that 
the rigorous conditions of loading to which railway structures 
are subject, and the public nature of the service they are 
called upon to perform, must cause any departure from 
stereotyped practice to be viewed with extreme caution. 

R.S. B 
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Considerations of economy must give place to the need for 
absolute security. 

Without calling the material so formed reinforced concrete 
and, indeed, before this material was in anything like general 
use, old rails were embedded in concrete structures in an 
arbitrary manner to increase their strength. In the use of 
steel for railway bridges and buildings, it has become a very 
common practice to encase the steelwork in brickwork or 
concrete or both, with the object of protecting the metal from 
corrosion and eliminating the cost of painting. In both these 
cases certain of the advantages, resulting from the use of steel 
and concrete in combination, have been recognised. On 
many of the railways in the British Isles the use of reinforced 
concrete as a material of construction has gone beyond the 
experimental stage and most of our railways have given it a 
trial. Construction in this material certainly costs no more 
than steel construction and very often results in considerable 
economy. 

The principal advantage lies in the greatly-reduced cost of 
the maintenance of reinforced concrete structures as compared 
with those of timber, steel, or brickwork for instance. In 
many cases it is stated that the cost of maintenance over a 
number of years has been nil. But even if in course of time 
the surface of the concrete should be damaged in places, the 
cost of making good such places should be far less than that 
of pointing a brick structure throughout, and incomparably 
less than scraping and painting steelwork at frequent intervals. 

The building in of steel joists and girders with brickwork or 
concrete is in many cases only an expedient and, in the case 
of heavy girders of large span, a clumsy expedient for saving 
painting charges. Until quite recently this object was only 
partially obtained, because the under side of girder flanges 
and the edges of the plates still remained exposed, and the 
practice now adopted of covering these with a thin layer of 
reinforced concrete, as shown in Fig. 1, is costly, and requires 
to be carefully carried out to produce a satisfactory result. 

For nearly ten years in this country, and perhaps fifteen 
years abroad, reinforced concrete has been competing with 
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thia type of construction with increasing suceesa, and it is 
believed that the maintenance question will be the determin- 
ing factor resulting in considerable use being made of this 
material for railway purposes. 

Difficulties. 

Much of the work done by railway engineers at the present 
time eonBists io renewing existing structures and in widening 
or extending existing lines or works in connection with them, 
and this fact presents some difficulties to the free use of rein- 
forced concrete, and, on the other hand, other difficulties 



Fig. 1. — Encased Giiderwork. 

which construction in this material is particularly suited to 
overcome. 

A very frequent difficulty met with io work of this class is 
the small amount of space available for construction, par- 
ticularly as regards the depths of floors. It is only possible 
to design a reinforced concrete floor of shallow construction to 
carry a heavy load by the use of a large percentage of com- 
pression reinforcement, and thia means a loss of economy. 
But apart from the depth required for the permanent con- 
struction, there is the temporary timber work to be considered, 
and tlie space required for this is not always available for the 
period which must be allowed, in the first place for the con- 
struction of the work, and subsequently for the concrete to 
properly set. This difficulty can sometimes bo got over by 
constructing the work at a convenient site on one side and 
erecting it in position after the concrete has set. 

Apart from considerations of space, work done between 
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trains in the neighbourhood of running lines must needs be 
done hurriedly. It is well known that the strength of a 
reinforced concrete structure depends very much on the care 
with which the concrete is worked into complete contact 
with the reinforcement, and it is particularly desirable that 
this portion of the work should not be scamped in any way. 
When practicable, therefore, it is far better for the construc- 
tional part of the work to be carried out away from the lines, 
and in the case of small road bridges or footbridges over the 
line for instance, it is quite possible to do this without any 
great increase in the cost of construction. This method of 
procedure also possesses the great advantage that if at any 
time alterations have to be made the work can be taken down 
and re-erected elsewhere. From a railway point of view the 
monolithic character of reinforced concrete constructed in situ 
is in this sense a disadvantage. It is very difficult and often 
impossible to see clearly even ten years ahead, and work 
carried out at the commencement of such a period, may, at 
the end of it, have to be demolished to make room for more 
extensive premises or rival interests which have attained 
greater importance. In the case of a monolithic structure 
demolition generally means destruction, and in the case of a 
reinforced concrete structure which has stood for some years, 
this destruction would be a matter of great difficulty. 

These are some of the reasons which are advanced against 
the use of reinforced concrete for railway purposes, and 
encourage a preference for steel-girders or beams, or brick- 
work in the form of arches ; but it seems probable that the 
difficulties mentioned can be, and indeed are being overcome. 

Advantages. 

Turning to the advantages of the material, it is probably 
the experience of most railway engineers that simple structures 
of square form are the exception rather than the rule. Pre- 
sumably because they were the last in the field, railway 
companies at the best of times have to be very accommodat- 
ing; and especially when undertaking widening works in 
crowded districts, it is more often than not the case that the 
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structures which have to be erected are tied by existing works 
of irregular form. If steelwork is employed in such circum- 
stances as these, accurate dimensions must be taken in 
the first place, a vast amount of detailing is required in 
making working drawings and similarly in setting out the 
work. The construction of a brick arch as a covering to an 
irregular enclosure presents difficulties when there are two 
sides or abutments parallel and the other two not parallel, but 
it is quite impracticable to adopt this form of construction 
when the irregularity extends to all four sides. 

For such cases as these reinforced concrete possesses 
undoubted advantages, provided that the circumstances permit 
of a monolithic structure. The fact of the centering being 
formed on the site, ensures the work fitting properly without 
the necessity of accurate measurement beforehand. The rods 
are easily cut to the required lengths, and the concrete can 
readily be moulded into any desired form. Skew angles can 
be formed almost as readily as if they were square, and there 
is little difficulty introduced because the beams are not 
parallel or the structure bounded by other than straight lines. 
By the use of reinforced concrete beams and slabs moulded 
beforehand, bridge floors, platforms, and buildings have been 
very rapidly constructed, either completely with these units, or 
in conjunction with steel girders or framework. For instance, 
on the South Eastern and Chatham Railway, bridge floors 
have been constructed of longitudinal beams, moulded before- 
hand, set side by side, and m some of the roofing over the 
District Railway, hollow reinforced concrete blocks of arched 
form have been set on the lower flanges of rolled steel joists 
and backed with concrete to form the foundation of the road 

above. 

Encased Steelwork. 

Mention has been made of the practice of encasing steel- 
work in brickwork or concrete as a means of protection from 
corrosion. The results of measurements of the deflection of 
bridge girders treated in this manner, when compared with the 
calculated deflection of the girder alone, make it quite evident 
that the filling adds considerably to the strength of the steel 
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structure. In designing floors of this type it is not usual to 
take any account of this additional strength, but it is never- 
theless interesting to investigate the probable nature of the 
stresses in the composite structure. 

The construction illustrated in Fig. 2 presents a simple 
case. The floor which is shown in cross section in this 
illustration consists of Tin. by 4 in. by 16 lbs. British standard 
beams, spaced 2 ft. centres and encased in a slab of concrete 
10 in. deep. It is evident that under load the concrete suffers 
the same deflection as the joists, and provided this strain is 
not sufficient to cause disintegration of the concrete, the 
latter must carry a portion of the load. Also, if the concrete 
continues to adhere to the steelwork under load, the two must 





1 
2.0. X 20 Jic • - 20 

I I 

Fig. 2. — Steel Joists and Concrete. 

act together as a composite beam. The working moment of 
resistance of a 2 ft. width of this floor, calculated on the basis 
adopted in practice of the steel joist carrying all the load, and 
a maximum stress of 6J tons per square inch, is 72*8 inch tons. 
Upon the hypothesis of the section of the floor under con- 
sideration acting as a composite or reinforced concrete beam, 
and adopting the rules generally assumed for calculating 
beams of this material (see p. 21), the stresses in the various 
members of the structure corresponding to a bending moment 
of 72*8 inch tons are approximately as follows : — 

Maximum compression in concrete, 440 lbs. per square inch* 
Maximum compression in steel 3,000 lbs. „ „ ,, 

1*3 tons 
Maximum tension in steel 13,000 lbs. „ 

5*8 tons,, ,, „ 

If the adhesion between the concrete and the steel should 
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break down under the live load, or dead load added after the 
concrete has set — as it is very likely to do because the surface 
offered by the steel is small compared with its cross-sectional 
area — the construction practically becomes a series of steel 
beams alternating with concrete beams keyed into one another 
in such a manner that adjacent beams would of necessity be 
subject to practically the same deflection under a distributed 
load. The proportion of the total load carried by each member 
would therefore depend on the product of the moment of 
inertia of its cross section and the modulus of elasticity of the 
material. If the stresses corresponding to a bending moment 
of 72*8 inch tons per 2 ft. width of beam are calculated on 
this basis the results are roughly as follows : — 

Maximum compression and tension in steel, 

3,600 lbs. per square inch. 
■ 1-6 tons „ „ „ 
Maximum compression and tension in concrete, 

330 lbs. per square inch. 

No concrete would stand a tensile stress of this magnitude, 
and if the conditions assumed occurred in practice, the concrete 
would crack and become useless as a beam, and all the load 
would be thrown upon the steel beams. 

These figures, which are calculated on values of the moduli 
of elasticity of concrete and steel bearing to one another the 
ratio of 1 to 15, are given to show the weakness of the type of 
construction shown in Fig. 2. It is not an economical form 
of construction, but is convenient because the shuttering for 
the concrete can be suspended from the joists and no props are 
required. When constructed in this way a certain amount of 
stress is set up in the steel joists, due to their own weight and 
that of the shuttering and the wet concrete, without any 
corresponding stress in the concrete, which can therefore only 
be stressed by additional dead load and live load. This fact 
probably explains why the construction illustrated in Fig. 2 
behaves quite satisfactorily in practice ; but even when con- 
structed in this way it is doubtful whether a structure of 
uniform strength is obtained, and, if tested to destruction, the 
concrete would probably crack long before the breaking load 
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for the steel joists was reached. This form of construction 
has heen perfected hy the introduction of steel girders, 
specially designed to act as reinforcement for concrete floors, 
and known as Fawcett's Mon'lithcrete girders. Large diamond- 
shaped apertures are stamped out from the weh, leaving the 
two flanges rigidly connected together by inclined ties sloping 
up towards each end as shown in Fig. 3. A much more 
efficient bond between the steel and the concrete is thus 
ensured, and greater economy can be obtained by making the 
tension flange of larger area than the top or compression 
flange. The concrete is further reinforced by twisted hoop- 
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Fig. 3. — Fawcett's Mon'lithcrete Girder. 

iron strands passing through the apertures in the webs and 
crossing the main reinforcement at right angles. 

Reinforced Concrete. 

Without at this stage going into the methods of calculation 
adopted, which will be treated in a subsequent chapter, it is of 
interest to compare the steel beam and concrete floor illustrated 
in Fig. 2 with a reinforced concrete tee beam construction 
designed to have the same calculated safe moment of resist- 
ance, namely 72*8 inch tons per 2 ft. width of floor. The 
dimensions of the concrete and the size of the reinforcing rods 
shown in Fig. 4 fulfil this condition, and are based upon 
values of 500 lbs. per square inch for the working compressive 
stress in the con-crete, and 14,500 lbs. (approximately 6*5 tons) 
per square inch for the working tensile stress in the steel. 
This construction occupies a little more room than the steel- 
beam floor, the overall depth as drawn being 1 ft. IJ in. in 
the former case as against 10 in. in the latter case. A 
shallower reinforced concrete floor can be designed, but the 
heavier reinforcement required entails a loss of economy. 
The estimated weight of the steel beam and concrete con- 
struction in this case is 10*4 cwt. per square yard, and of the 
reinforced concrete construction as shown in Fig. 4, 5*7 cwt. 
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per square yard, exclusive in each case of paving or wearing 
surface. The saving in weight by adopting tee beam con- 
struction is thus something like 45 per cent., and on account 
of this decreased dead load the depth of the floor can either 
be reduced somewhat, or the safe live load can be corre- 
spondingly increased. 

The estimated cost of the steel beams and concrete filling is 
about seventeen shillings per square yard, and of the tee beam 
construction in concrete reinforced with round rods, from 
ten to twelve shillings per square yard. These figures do not 
include anything for special wearing surface, or for paving, 
but the estimated saving on the cost of the floor itself is from 

" 4 Pf f •-' 
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Fig. 4. — Tee Beam. 

20 to 30 per cent., and amounts to a considerable sum when 
large areas have to be covered. Referring to the estimated 
cost of the steel beam and concrete construction, rather more 
than nine shillings represents the approximate value of the steel 
beams per square yard, and the remaining eight shillings the 
value of the concrete filling per square yard. If the joists are 
not encased in concrete some addition is required to complete 
the floor, and the estimated cost of that part of the structure 
which is designed to carry the load is much the same in each 
case. The additional cost of the construction first considered 
is due to the concrete filling which is provided in many cases 
solely to protect the steelwork from corrosion and eliminate 
the cost of painting. 

The author has extended the comparison to further cases of 
beams, and other structures and materials, such as timber and 
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brickwork,* and finds it to be very generally true that the cost 
of reinforced concrete beams and columns is much the same as 
that of steel or timber units designed in accordance with 
established practice to carry the same load ; but whereas the 
steel and timber beams generally require the addition of some 
kind of flooring to complete the structure, apart from the question 
of protecting the steelwork, the reinforced concrete construction 
forms a complete floor in itself with all the steelwork protected 
from corrosion without any additional cost. 

It is these features of reinforced concrete construction which 
make it a more economical material to use than steel or 
timber, because there is in many cases a saving in first cost, 
apart from the question of maintenance, and secondly a sub- 
stantial saving either of the money which would have to be 
expended in first cost to encase the steelwork and so eliminate 
the cost of painting, or of the subsequent cost of painting 
the structure from time to time, or renewing the timber or 
steelwork. 

There is little doubt, too, that the steelwork is far more 
efficiently protected in a properly designed reinforced concrete 
structure than in an encased steelwork structure. In the first 
case it is only at one or two points that the minimum cover 
of, for example, 1 in. of concrete occurs, but in the second 
case large surfaces have to be protected with a similar thickness 
and to apply this in an efficient manner to the underside of a 
girder, for instance, is an expensive process. 

Working Stresses. 

The working stresses commonly adopted in designing 
reinforced concrete structures vary from 500 to 600 lbs. per 
square inch, as regards the compressive stress in the concrete, 
and 16,000 lbs. per square inch is a very usual figure for the 
tensile stress in the steel, but higher values such as 750 lbs. 
per square inch for the concrete, and 20,000 lbs. per square 
inch are used in certain cases. Railway Engineers are not 

* " Reinforced Concrete for Railway Engineering Works," The 
Engineer, September 29th, October 27th, November 3rd, 1911. 
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likely to adopt such high values as these. Although not 
hound to adopt as the limiting stress for steelwork, the value 
of 6*5 tons per square inch laid down by the Board of Trade, 
except for structures carrying passenger lines, it is a very 
common practice to do so, and it is not likely that this value 
would often be exceeded for structures subject to a vibratory 
load. This value of 6*5 tons per square inch, or the practical 
equivalent 14,500 lbs. per square inch, gives a factor of safety 
of a little over four when divided into 28 tons per square inch. 
The latter figure is generally the lower limit of the breaking 
stress specified for mild steel test prices. 

The breaking strength of concrete of course depends upon 
the age of the specimen tested, as well as upon the constituents 
and upon the proportions in which they are mixed. A very 
usual value adopted for the breaking compressive stress of 
concrete mixed in the proportions of 1 part cement, 2 parts 
sand, and 4 parts of suitable aggregate, is 2,250 lbs. per 
square inch, and good concrete of this kind should possess this 
strength after four weeks. A working stress of 500 lbs. per 
square inch gives, as in the case of the steel tensile stress, 
a factor of safety of four with a little to the good, and these 
values would appear to compare favourably with the practice 
of railway engineering construction in other materials. When 
the value of 500 lbs. iier square inch is converted into its 
equivalent of 32 tons 'per square foot^ and compared with the 
usual working stresses o/5-12 tons per square foot adopted for 
concrete piers and foundations, not reinforced, it is at once 
apparent how great an advance has been made in the amount 
of reliance placed on this material. It also becomes evident 
that the very best materials must be used and mixed in the 
most careful manner, to produce a concrete capable of working 
at such a stress as this. 

A number of experiments on test blocks, to determine the 
crushing strength of cement concrete mixed in various pro- 
portions, have been carried out at Watertown Arsenal, U.S.A. 
Specimens were tested seven days, one month, two months, 
and six months after manufacture, and the results of these 
tests in the case of 1:2:4 and 1:3:6 concrete, are plotted in 
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Fig. 5. The values used for plotting the curves are indicated 
by the small circles, and in each case represent the mean of 
four tests. 

Striking Centres. 

It is clear from these curves that under ordinary circum- 
stances concrete attains a very fair strength at the age of four 
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Fig. 5. — Strength of Concrete. 



weeks, and at the termination of this period the supports to 
beams can generally be removed, provided the setting has not 
been hindered by frost or bad weather. Vertical sheeting and 
the moulds for the sides of beams are generally removed one 
week after mixing, or even less, as this facilitates the setting 
of the concrete, and enables a tine finished face to be obtained 
by working in cement grout with a piece of wood or steel 
float. If the boxings of columns are removed as early as 
this, care must be taken that these members are not subjected 
to excessive load. 
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The concrete blocks for laboratory tests are naturally care- 
fully made, and being small expose a considerable area of 
surface relatively to their bulk. The concrete under these 
circumstances will in all probability set much quicker than 
that in the work. When making blocks for testing purposes 
it is obviously desirable that the moulds should be filled from 
the mixing platform for the ordinary work, and as far as 
possible be allowed to set .under the same conditions, in order 
that the results may provide a trustworthy indication of the 
strength of the work and of the time which should be allowed 
to elapse before the supports are struck. The curves in Fig. 5 
illustrate very clearly that the strength of a concrete struc- 
ture steadily increases with age, a very valuable advantage, 
particularly in the case of railway works, which so frequently 
as time goes on have to perform heavier duty than that for 
which they were originally designed. In the case of the 1:2:4 
concrete the curve indicates an increase of strength of about 
5 per cent, per month at six months and the strength is then 
nearly 4,000 lbs. per square inch. 

Specification of Materials. 

The British Standard Specification for Portland Cement is 
so generally adopted for defining the quality of the cement to 
be used that little need be added on this subject, except that 
a slow-setting cement is generally used to minimise the risk of 
joints being formed between the several layers or stages in which 
the work is carried out. Sand must be clean and sharp, and 
washed, if necessary, to remove earthy and other impurities. 
In order that the percentage of voids may be as small as 
possible the grains should be of various sizes, but as the 
cement consists of very fine particles it is more useful to the 
end in view for the sand to be coarse rather than fine. The 
aggregate used will, of course, depend largely on the locality, 
and the choice of materials is by no means confined. Thames 
or pit ballast, clean gravel, broken granite or hard close-grained 
stone are generally preferred. Broken brick, furnace clinker 
or cinders are sometimes used, the latter more particularly for 
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floors on account of the light weight, fire-resisting and sound- 
proof properties of concrete mixed with this material. 

It is most important that the material should be clean and 
properly graded, and it is advantageous for the stones to be 
cubical in form rather than needle-shaped or flaky. If the 
percentage of voids in broken stone with the particles mostly 
of one size, is determined, it is found to be about 50 per cent. 
By properly grading the material this may be reduced to from 
45 per cent, to 30 per cent. In order to obtain a strong 
concrete it is absolutely essential that all the voids should be 
filled, and in the case of reinforced concrete work and all work 
requiring a finished surface, that there should be some mortar 
to the good for coating purposes and for working fco the surface. 
Provided this is done the strength of the concrete, other things 
being equal, depends on the strength of the mortar. 

In some specifications it is usual to define the proportions 
of the cement and aggregate exactly, and determine the pro- 
portion of sand as sufficient to fill the voids in the aggregate. 
In such a specification the strength of the mortar is not abso- 
lutely defined and depends upon the grading of the material, 
being poorer in strength if this is badly carried out and 
richer in strength if the sizes of the stones are thoroughly 
well assorted. 

For reinforced concrete work in which the strength of the 
concrete is of the greatest importance, a more rigid specification 
would appear to be far preferable, and is generally adopted, 
the constituents, cement, sand, and aggregate being mixed in 
such proportions by volume as 1:1|:3, 1:2:4, or 1:3:6 as 
the particular kind of work may require. A very common 
specification for the size of the particles of the aggregate is to 
pass through a sieve with f -in. mesh and be retained on a sieve 
with i^-in. or ^-in. mesh. A 1-in. mesh is sometimes used 
for the larger sieve for heavier work. The specification is 
sometimes worded in such a way as to ensure the particles 
being roughly cubical in form and capable of being passed " in 
any direction '' through a ring of, say, 1 in. internal diameter. 
Such Br specification would be exceedingly difficult to enforce, 
and is therefore of doubtful utility. Extracts from specifications 
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for reinforced concrete are given in the subsequent chapters 
in which actual works are described. 

The reinforcement used assumes a variety of forms, including 
ordinary round or square bars bent to the required shapes and 
bound together with fine annealed wire ; various special bars, 
such as the Kahn trussed bar, the expanded steel bar having 
shear members rigidly attached to them ; various bars designed 
to obtain a mechanical bond, such as the patent indented bar, 
Kahn ribbed bar, Thatcher bar, and twisted bars; various 
lattice reinforcements designed for use in slabs, such as 
expanded steel, Clinton electrically cross-welded steel wire 
reinforcement, Johnson's steel wire lattice, &c. These are so 
well known, and so completely described in the handbooks 
issued by the firms manufacturing them, that there is no 
need to further describe them. Ordinary round or square 
bars may be used in various special ways, as in the Henne- 
bique, Coignet, Considere, Paragon, and other systems. 
These lists are by no means exhaustive, but serve to show 
the growth of reinforced concrete construction in the com- 
paratively short space of less than ten years. 

Mild steel is generally specified for the reinforcement, having 
an ultimate tensile strength of from 28 to 32 tons per square 
inch, with an elongation of at least 20 per cent, on an 8-in. gauge 
length. Sometimes a rather greater elongation is specified, 
and in some cases limiting values are set down for the elastic 
limit. In the process of manufacturing expanded metal from 
mild steel the ultimate tensile strength is raised from 28 to 32 
tons per square inch to 32 to 36 tons per square inch, and the 
elastic limit is raised from about 16 tons per square inch to 
about 26 tons per square inch. Indented bars generally have 
an ultimate tensile strength of about 40 tons per square inch, 
and an elastic limit of over 22 tons per square inch, but they can 
be supplied to conform to the usual specification for mild steel. 

In all cases the reinforcement should be perfectly clean, not 
painted. In rare cases the rods are coated with cement before 
the concrete is placed. The specification of the reinforcement 
is considered in more detail in subsequent chapters, wherein 
particular works are described. 



CHAPTER II 

bending stresses 

Theory. 

Many of the earlier examples of reinforced concrete railway 
structures in this country were designed, in so far as the 
details and the arrangement and amount of the reinforce- 
ment are concerned, by the late Mr. L. G. Mouchel and his 
partners on the Hennebique system. The formulae employed 
in these cases and in all work designed on the Hennebique 
system are to a large extent empirical and based on the 
extensive experimental investigations and practical experience 
of M. Hennebique. 

The formulae in more general use are deduced theoretically 
from certain assumptions as to the behaviour of the two 
materials as indicated by the results of experiments on trial 
beams. Recommendations have been made by various 
authorities as to the method of calculating the stresses in 
beams of reinforced concrete, and these authorities very 
generally agree that the tensile resistance of the concrete may 
be omitted without appreciable error, and that the strains 
produced in the various parts of the effective members of the 
structure may be taken as proportional to the distance of such 
part from the neutral axis of the beam. 

Very careful series of experiments w^ere made at McGill 
University, Toronto, with the object of ascertaining to what 
extent these assumed conditions are fulfilled in practice. The 
tests were made on two sets of beams, the dimensions of one 
set being 6 in. x 8 in. X 6 ft. 4J in. long and of the other 
set 8 in. X llf in. X 10 ft. 6 in. long. The beams were 
loaded at the third points, the span between centres of bearings 
being 6 ft. in the case of the smaller beams and 10 ft. in the 
case of the larger beams. The concrete was mixed in the 
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proportions of one part of cement, two parts of sand, and four 
parts of trap rock crushed to pass through a |-in. ring. The 
reinforcement consisted of patent bars by Kahn, Johnson, and 
Ransome. One of the larger beams selected as a typical case 
is shown in section in Fig. 6. The reinforcement consisted of 
five ^-in. Johnson rods with a total cross-sectional area of '90 
sq. in. which is 1*02 per cent, of the effective area of the beam. 
This beam was tested after 56 days and failed at a load of 
20,500 lbs. As this beam was tested with the tension side 
uppermost and the load appHed from below, the weight of the 
beam, which is about 1,000 lbs., should be subtracted from this. 
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Fig. 6. — Rectangular Beam. 

By means of delicate reflecting extensometers, the strain 
was measured at five horizontal layers of the beam as the 
loading proceeded, and by plotting the results of these 
measurements it was possible to locate the positions of the 
neutral axis corresponding to the increasing values of the load, 
and obtain a graphic record of the variation of the strain at 
the different layers with the distance of each layer from the 
neutral axis. For small loads the neutral axis was found to 
be at 52 per cent, of the depth of the beam, measured from 
the compression surface. Between loads varying from about 
one-seventh to about one-third of the ultimate load, the position 
of the neutral axis changed until its distance from the com- 
pression surface was 41 per cent, of the total depth of the 
beam, and then remained in practically this same position 
throughout the remainder of the test. The strains measured 
were found to be so nearly proportional to the distance from 
the neutral axis, as to justify the assumption of linear 
proportionality in making calculations. 

B.S. 
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In the early stages of the loading of these test beams, the 
tensile resistance of the concrete was evidently an important 
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factor in determining the moment of resistance, and the total 
stress acting on a cross section of the beam may be represented 
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by the shaded area in Fig. 6b. Assuming a straight line law of 
proportionality for the variation of stress throughout the cross 
section, the position of the neutral axis under these circum- 
stances is calculated to be 55 per cent, of the total depth 
measured from the compression surface. 

If the conventional method of calculation is adopted and the 
tensile resistance of the concrete neglected, the distribution of 
stress is as shown in Fig. 6a. 

The neutral axis under these conditions is nearer the com- 
pression surface and in the case of a beam with 1 per cent, 
of reinforcement the distance is calculated to be 38 per cent, 
of the total depth. The natural inference is that for small 
loads the tensile resistance of the concrete is developed almost 
to the full extent while for larger loads it is almost valueless. 

The values of the maximum stresses in the concrete and the 
tensile stress in the steel in each case can readily be calculated 
as functions of the load, and these values are plotted in Fig. 7. 
For values of the load between zero and one-seventh of the 
ultimate load, the tensile resistance of the concrete has been 
taken into account, and for values of the load from one-third 
of the breaking load upwards, the tensile resistance of the con- 
crete has been neglected. Between one-seventh and one-third 
of the ultimate load is a transition period during which the 
tensile resistance of the concrete apparently breaks down and 
the values of the stresses may be interpolated approximately 
by connecting the parts of the diagram already determined by 
the dotted lines as shown in Fig. 7. Under ordinary circum- 
stances the working load occurs in this transition period and 
the conventional method of calculation — i.e., neglecting tension 
— therefore errs slightly on the side of safety. A beam designed 
to have a factor of safety of about 4J would appear to have a 
reserve of strength of from 20 per cent, to 50 per cent., the 
higher percentage applying to the steel. 

Concrete in Tension. 

It may be noticed that the calculated maximum tensile stress 
in the concrete on the basis of the stress distribution sketched 
in Fig. 6b, corresponding to one-seventh of the breaking load is 

c 2 
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230 lbs. per square inch, which is about the ultimate strength 
of this class of concrete in tension. It is at this point that the 
neutral axis commences to rise, presumably on account of the 
tensile resistance of the concrete breaking down. The experi- 
ments of Considere indicate very strongly, however, that the 
concrete does not actually fail in the sense of sustaining fracture. 

By means of a weighted lever attached to the top end of a 
column consisting of one part cement to three-and-a-half parts 
of sharp sand, and reinforced with wires '04 in. in diameter on 
one side only, Considere produced a tensile stress, constant 
throughout the length of the reinforcement, of about 20 tons 
per square inch of the section of the wires, while the non- 
reinforced side was in compression. Subsequently the lever 
was repeatedly loaded more than 100,000 times with loads 
sufficient to stress the steel from 6*3 to 13'3 tons per square 
inch. A careful examination of the concrete surrounding 
the reinforcement revealed no signs of fracture ; and a speci- 
men of this concrete containing no reinforcement was sawn 
out and tested in tension and sustained a load of 317 lbs. 
per square inch before fracture took place. Concrete when 
reinforced was thus proved to be capable of sustaining a 
strain or elongation nearly ten times as great as that corre- 
sponding to the breaking point of the same material not 
reinforced. The explanation put forward is that the presence 
of the steel prevents the local yield which in many materials 
may be observed to precede fracture. When the yield point of 
the concrete is reached it cannot sustain additional load with- 
out a largely increased strain, and this the steel prevents and 
in doing so receives the load which the concrete is incapable 
of carrying. Other engineers declare that hair cracks do 
occur in the concrete if the tensile stress in the steel is allowed 
to reach too high a value, and so long as there is any doubt 
on this point there would certainly appear to be strong reason 
to adopt for the working stress a figure no higher than 
the 14,500 lbs. or 6'5 tons per square inch referred to in the 
previous chapter. 

The importance of this point lies in the fact that once cracks 
develop in a reinforced concrete structure, the length of its life 
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is very doubtful, especially if the structure is subject to a rolling 
load or vibration. The possible effect of moisture reaching the 
steelwork must also give rise to suspicion of the safety of a 
structure in which cracks have appeared, even if these do not 
become suflSciently bad to cause the concrete to break away. 

Neutral Axis. 

The formulae which may be deduced from the conditions 
assumed to maintain in a reinforced concrete beam are some- 




FiG. 8. — Beam with Single Eeinforcement. 

what complicated in appearance, but capable of simple 
interpretation. A beam containing only tensile reinforcement 
presents the simplest case, and the reinforcement is generally 
expressed as a percentage, or else as a proportion, p, of the 
effective area of the cross section of the beam. The effective 
area of the beam is the product of the breadth b, and the 
depth d,ot the centre of the reinforcement below the compressive 
surface of the beam. 

The important quantities to consider in designing a reinforced 
concrete beam are the moment of resistance and the maximum 
stresses. The calculation of the latter involves the determina- 
tion of the depth of the neutral axis below the compression 
surface of the beam. 

If this is denoted by y, Fig. 8, the maximum compression 
stress in the concrete 

fc ^ y 
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while the tensile stress in the steel 

/; a VI (d — y) 
m representing the ratio of the modulus of elasticity of steel 
to that of concrete, and generally taken as 15. 



Therefore 



./s _ ^'^ {d — y) _ V d / 



fc y y 

d 
The total compressive stress in the concrete must equal the 
total tensile stress in the steel, therefore, J h y f^ = j^ h dfg 

or -- = -^ (1^ 

By equating these two expressions for this ratio the value of ^ 
may be obtained in terms of p and the constant m 

Thus I = V^~nF+Yp~m -- p m ... (2) 

Example 1. — Calculate the position of the neutral axis, and the 
ratio of the tensile stress in the steel to the maximum compressive 
stress in the concrete, in the test beam of which the cross section is 
sketched in Fig. 9, assuming the modulus of elasticity of steel to be 
15 times that of concrete. 

Breadth, 4 in. 

Efifective depth (from compression surface to centre of reinforcement) 
11 in. 

Effective area, 44 sq. in. 

Area of reinforcement (1) f inch diameter bar, '44 sq. in. 

•44 
Proportion of reinforcement -pr = '01. 

44 

From (2) K = V^'Ol^ x 15-^ -f- 2i x '01 x 15 - -01 x 15 
^ ^ d 

= -42. 
y = -42 X 11 = 4-62 in. 

= distance of neutral axis from compression surface. 

It is thus evident that in a beam containing only tensile 
reinforcement, the position of the neutral axis, and therefore the 
ratio of the tensile stress in the steel to the maximum com- 
pressive stress in the concrete depend only on the proportion 
of the reinforcement. Consequently there is only one proportion 
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of reinforcement, placed all in tension, which will permit definite 

ivorking stresses in the steel and in the 

concrete to he reached simultaneously. If \ 

the value of the working tensile stress in 

the steel /^ is fixed at 14,500 lbs. per 

square inch, and the working compressive 

stress f in the concrete at 500 lbs. per 

square inch, the ratio f -=- f = 29 and 

the proportion of the reinforcement must 

be about '6 per cent, of the effective area 

h d, that is, p must equal 'OOG. 



J 



t dig. bar 



Fig. 9. — Example 1. 



If the proportion of the reinforcement is 
less than '6 per cent, the moment of resistance of the beam is 
determined by the working tensile stress in the steel and is 
equal to 



M.li.=i> 1-I-- hd-'f. 



(3) 



This can be written K h d^f, K depending on the percentage 
of reinforcement and having the values plotted in Fig. 10, 
p. 24. 

If the proportion of the reinforcement is more than '6 per 
cent, the moment of resistance of the beam is determined by 
the working compressive stress in the concrete and is equal to 

MM. = if[^-l'f)biPfc . . (4) 

Example 2. — Calculate the working moment of resistance of the 
beam described in the previous example corresponding to working 
stresses as under : — 

Concrete in compression, 500 lbs. per sq. in. 
Steel in tension, 14,500 lbs. per sq. in. 

As there is more than '6 per cent, of reinforcement, the critical 
proportion corresponding to these working stresses, the maximum 
limit for the concrete will be reached before that for the steel and the 
moment of resistance is determined from (4). 

M.E. = .^ X -42 ^1 - '^\ 4 X ir- X 500 
= 43,700 in. lbs. 
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f^rcentaye of Jinsile Rtinrorcement . 
Fig. 10. — Curve of Constautfi, Single Beinforcement. 




Percentage of Tensile Reinforcement. 
I'm. 11. — Cuivoot ConttaiitH, Single Eeiiiforccmeiit. 
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Equation (4) can be written as M.R. =z k h <P Jc where 
fe is a constant depending only on the percentage of reinforce- 
ment. The values of k are plotted in diagram form in Fig. 11, 
and on the same diagram the values of the stress in the 
steel corresponding to a maximum compressive stress of 
500 lbs. per square inch in the concrete are also indicated. It 
will be noticed that the value of k increases but slowly with the 
percentage of reinforcement, suggesting that it is not profitable 
to employ a large percentage of reinforcement entirely in the 
tension member of the beam. 

Example 3. — Using the diagram Fig. 11, calculate the depth of a 
lintel to span an opening of 8 ft. and carry a distributed load of 

5 tons. The breadth is 14 in, and the depth must be a whole 
number of brick courses' of 3 in. each, including 1^ in. cover to 
the centre of the reinforcement. Calculate also the area of reinforce- 
ment required and the maximum stress in the steel. Working stresses 
500 lbs. per square inch compression in concrete and 14,500 lbs. per 
square inch tension in steel. 

Maximum bending moment, ^^^— = 134,400 in, lbs. 

8 

To find the approximate effective depth d. 

The working stresses are reached simultaneously when there is 
•6 per cent, of reinforcement and the factor Jc determining the 
moment of resistance is '15 (Fig. 11.) 

M.R. = -15 X 14 X ^2 X 500 = 134,400 = B.M. 

c?2 = 128 in. squared. 
d = 11-3 in. 
The total depth must therefore be 12 in. and the effective depth, 
allowing 1^ in. cover, 10*5 in. 

The factor k then becomes 134,400 -h (14 x UV52 x 500) 

= -174. 
The required percentage of reinforcement is '9 per cent, and the 
tension in the steel 11,200 lbs. per square inch (Fig. 11.) 

•9 per cent, of 14 x 10*5 = 1*32 sq. in., say (four) f in. diameter bars. 

Example 4. — Using the diagram Fig. 10, determine the amount of 
reinforcement required to make a 4-in. concrete platform coping, 
sufficiently strong to span a 3-ft. opening (effective span 3 ft. 

6 in.) and carry a super load of IJ cwts. per square foot. The 
working tensile stress for steel is to be taken at 14,500 lbs. per square 
inch and the centre of the reinforcement placed 1 J in. from the bottom 
surface. Calculate also the maximum compression in the concrete. 
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Consider a width of 12 in. 

Deadload, 3-5 x 1 x-33x 156 lbs.= 182 ) .-^ ,, 

Super load, 3*5 x 1 X 140 lbs. = 490 ) ^^^ lbs. 

Maximum bending moment = "" - — - = 3,530 in. lbs. 

8 

Moment of resistance = A'x 12 x 2f2 x 14.500 in. lbs. 

K = '0027, corresponding to '3 per cent, of reinforcement, and 

•^ = 43 (Fig. 10). 

•3 per cent, of 12 x 2J = '1 sq. in. per ft. width, say J in. diameter 
rods, 6 in. centres. 

Maximum compression in concrete = — j,j- = 337 lbs. per sq. in. 

With the exception of lintels and sills, simple beams similar 
to that illustrated in Fig. 8, are not of common occurrence in 

reinforced con- 
' I i j i i;i i ;i ij i I ;i iji i|i i]i i;i i;i i;i i|l i; crete structures, 
' " ' ' ' ' ' ' ■ !'/' ' ' ' ' ' ■ ■ ' ■ LL, but the formula 
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Fig. 12.— Lintel. 



theless very fre- 
quently used in 
designing slab 
floors, a convenient width of which may be treated as a beam. 
In this case the breadth of the beam is fixed by the width of 
floor for which the load has been calculated, and the only 
possible variables are the depth and the percentage of rein- 
forcement. For the moment of resistance to be constant 

^ (l "~ q * '^) ^'"^ occurring in equation (4) must be con- 
stant or fZ must vary inversely as /y '- f 1 — ; . ^ j , a function 

of the percentage of reinforcement which may be evaluated by 
means of equation 2. These values of d, which represent the 
relative depths of beams of constant breadth and constant 
moment of resistance, when reinforced with varying percent- 
ages of tensile reinforcement, are plotted in the curve so marked 
in Fig. 11, and as the breadth is constant the curve also 
represents the relative areas of cross section, which are a 
measure of the volumes of concrete required. 
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Eelative Cost. 

An average price for concrete as used for this class of work, 
including labour in mixing and ramming and profit, but 
excluding shuttering which would be much the same in all 
cases, is about twenty-eight shillings per cube yard, and for 
the steel reinforcement laid in the work about £12 per ton. 
The price of the steel works out about fifty times as much 
volume for volume as the price of the concrete, and by increasing 
the ordinates of the curve in Fig. 11 by fifty times the per- 
centage of reinforcement corresponding to each ordinate 
considered, a curve is obtained which gives the relative cost of 
beams of constant breadth and moment of resistance for varying 
percentages of tensile reinforcement. This curve shows that 
with concrete and steel at the relative prices named, the most 
economical percentage of reinforcement is '6 per cent, or that 
which permits the working stresses in the concrete and steel 
to be reached simultaneously. 

Eailway engineers have generally on hand a stock of second- 
hand rails, and provided the design permits of steel in this 
form being used, the price of the reinforcement becomes very 
much less. It is estimated that old steel rails, as taken out of 
sidings, could be laid in the work at an outside cost of £5 10s. 
per ton, which, on a volume basis, is twenty-three times the 
cost of concrete at 28s. per cube yard. To suit these conditions 
the ordinates of the relative depth curve must be increased by 
twenty-three times the corresponding percentage of reinforce- 
ment, and the result indicates the most economical proportion of 
reinforcement in this case to be about '9 per cent., while consider- 
ably larger percentages may be used without any great loss of 
economy. As, in many cases, a high percentage of reinforce- 
ment has to be resorted to, in order to develop the necessary 
moment of resistance within the depth available for construction, 
it is possible that considerable use might be made of old rails 
for reinforcing concrete, and some designs of structures rein- 
forced in this way will be considered in subsequent chapters. 

Double Eeinforcement. 

Generally speaking, a high percentage of tensile reinforce- 
ment only is not an economical arrangement, and when a 
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comparatively high moment of resistance is required in a 
floor, of which the depth is Hmited, it is in nearly all 
cases more economical to place some of the steel in the 
compression part of the beam as shown in Fig. 13. This has 



K--/'c^ 




Fig. 13. — Beam with Double Eeinforcement. 

the effect of raising the neutral axis and so increasing the 
tensile stress in the steel relatively to the maximum com- 
pressive stress in the concrete. The calculations are simplified 
if the compression reinforcement is placed symmetrically about 
the line of action of the resultant of the compressive stresses 
in the concrete, that is, at one-third of the distance of the 
neutral axis from the compression surface of the beam. 
The compressive stress in this steel is then equal to § m f^y 
and if 'p' is the proportion of the compressive reinforcement 
the equation of the compressive and tensile stresses becomes 



or, 



+ 



f,-2pd^ Sp 
As in the case of tensile reinforcement 



(5) 



./; 



m 



1 - 



y^ also equals 

Jc 



d 



and by 



equating these two values of this ratio the position of the 
neutral axis is fixed thus — 



a 



(P + i P'f + 2 m p - m (p + ^p') . (6) 
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Example 5. — Find the position of the neutral axis and the ratio of 
the tensile stress due to bending to the maximum compression stress 
due to bending in a square column 14 in. x 14 in. when sub- 
jected to bending action parallel to two of the sides. The column is 
reinforced with f ths inch diameter rods, the centre of each of which 
is If in. from each of the two nearest sides. 

Breadth, 14 in. 

Effective depth, 12 J in. 

Proportion of tension reinforcement, ^-r ^91 — *007. 

Proportion of compression reinforcement = '007. 

^/d = \/l52 (-007 + I X -007)*^ + 2 X 15 X -007 - 15 (-007 + 

I X -007) = -31. 
^ = '31 X 121 = 3-8 in. 

^ _^ ^ 2 X -007 X 15 _ 

/; ~ -014 "^ 3 X -007 - *^- ^• 

Note. — According io the formida the comprp.sswn reinforcement is 
assumed to be ahoid \\ in, from the compression surface. As it is 
actually If in, from the surface a certain amount of error is 
introduced. 

The moment of resistance of the beam in terms of the com- 
pressive stresses is 

MM. = (ihd^ |/„ + li/m h d?f^ (}-ii) ■ " (7) 

Practically speaking, the maximum moment of resistance is 
obtained with any given total percentage of reinforcement 
when this is disposed between the tension and compression 
parts of the beam in the proportion which secures that the 
maximum compressive stress in the concrete and the tensile 
stress in the steel shall in each case be equal to the working 
stress. It is these maximum values of the moment of resist- 
ance with which one is chiefly concerned, and the relative 
proportions of tensile and compressive reinforcement which 
must be adopted in order to obtain them, and also their 
values are indicated in Fig. 14. The values of the maximum 
moments are given as coefficients in the formula 

MM. = hh d^f,, 

and for purposes of comparison the values of k for the same 
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total percentage of reinforcement placed all in the tension part 
of the beam are plotted on the same diagram by a dotted line. 
The total percentage of reinforcement is read on the lower 
horizontal scale, and the percentage of reinforcement which 
must be placed in the compression part of the beam to secure 

Percentage of Compression ReinForcement. 

I 2 3 

1 . L 




12 3^5 

Total percentage, of reinforcement. 

Fig. 14. — Curve of Constants, Double Eeinforcement. 



the maximum moment of resistance is indicated by the scale at 
the top of the diagram. It will be noticed, that for the higher 
percentages of reinforcement the maximum values of k greatly 
exceed the values obtained with tensile reinforcement only; 
also that the higher curve is for all practical purposes a 
straight line. The value of the maximum moment of resist- 
ance obtainable with a given total percentage of reinforcement 
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P may therefore be represented by the empirical relation 

MM. = (-11 + -066 P)hcPf, . . . . . (8) 

since the straight line referred to, when produced, cuts the 
vertical axis of co-ordinates at a value of fc = '11, and the tan- 
gent of the angle the straight line makes with the horizontal 
axis of co-ordinates = '066. 

Example 6. — A beam carrying an external wall and a floor has a 
span of 11 ft. and the total load is 16,000 lbs. The breadth is fixed 
at 9 in. and the effective depth at 15 in. Using the diagram, Fig. 14, 
determine the areas of tension and compression reinforcement 
required in order that the maximum stresses shall be 500 lbs. per 
square inch compression for concrete and 14,500 lbs. per square inch 
t ension for steel. 

Maximum bending moment = — ^ = 264,000 in. lbs. 

o 

Moment of resistance = A;x 9 x 15'^ x 500. 

k = -26. 
Then from Fig. 14. 

Tension reinforcement, 1 per cent, of 9 x 15 = 1*35 sq. in. 
Compression reinforcement, IJ per cent, of -9 x 15 = 1*69 sq. in. 

The compressive stress in the steel placed near the top of an 
ordinary beam will never exceed under the conditions assumed 
§ X 15 X 500 = 5,000 lbs. per square inch. It is, therefore, 
rather remarkable that with 6 per cent., for example, of total 
reinforcement, 4 per cent, should have to be placed as com- 
pressive reinforcement working at this comparatively low stress 
in order to obtain the maximum possible moment of resistance. 
But by doing this the stress in the remaining 2 per cent, of 
reinforcement, which is left in the tension member of the 
beam, is raised from 2,950 lbs. per square inch to 14,500 lbs. 
per square inch, and by the raising of the neutral axis the arm 
of the resisting couple has been increased from '76 d to '89 d. 
The figures aj)j)lying to such a high percentage of reinforcement as 
this must he accepted with some reserve because the theory has been 
built up on the results of tests carried out uj)on beams reinforced 
with a much smaller proportion of steel. 

In certain cases such as columns, arches, &c., in which 
either surface of the member may become in tension when 
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subjected to bending action, the proportion of tensile reinforce- 
ment is equal to the proportion of compression reinforcement. 
To meet this condition, values determining the position of the 
neutral axis, the ratios of the stresses, and the moment of 




Fig. 15. 



f 2 

Total Percentage of Reinforcement 

-Equal Areas of Tension and Compression Eeinforcement. 



resistance in terms of the working stress for the steel as well 
as for the concrete, when there are equal percentages of tension 
and compression reinforcement, are plotted in Fig. 15. 

The relative depth of beams with double reinforcement and 
constant breadth and moment of resistance is shown by 
the curve so marked in Fig. 14. From this the curves of 
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relative cost of beams, reinforced with various total percentages 
of steel placed in the most economical way, have been obtained 
in the same way as in Fig. 11, both for ordinary steel-rods and 
also for old rails. These curves indicate that shallow floors 
reinforced with a high percentage of old rails can be used without 
any great loss of economy, and the most economical percentage 
would appear to be about phs per cent. Also that a shallow 
beam reinforced with 6 per cent, of old rails costs no more 
than a deeper beam reinforced with '6 per cent, of ordinary 
steel-rods. 

Tee Beams. 

In practice the beams most commonly occurring are of 
T section, as shown in Fig. 4, part of the slab floor supported 
by the beams being included in the compression member of the 
beam. Except in the case of a very deep beam supporting a 
thin slab, a tee beam may be considered as an ordinary beam in 
which a portion of the unnecessary concrete in the tension 
part has been omitted. In the particular case mentioned the 
neutral axis falls considerably below the underside of the slab, 
and this case requires special treatment. It is quite evident 
that in the case of tee beams it is still more economical to use 
a deeper floor sparingly reinforced, because as the depth of the 
beam increases, the area of concrete saved between the beams 
and under the slab floor becomes a greater percentage of the 
whole area. Also in the deeper beam with a small per- 
centage of reinforcement the concrete is relatively the more 
expensive part of the composite structure and a reduction of 
this part naturally results in increased economy. 

The author has selected at random half a dozen floors con- 
structed with tee beams and calculated the area of the concrete 
saved below the slabs and between the beams, as a percentage 
of the whole area. The average saving in these six cases 
works out at 60 per cent., the lowest value being 54 per 
cent, and the highest value 64 per cent. In Fig. 11 the 
relative cost of a rectangular beam reinforced with '6 per 
cent, of steel in the form of rods is shown to be '166 of which 
•128 represents the cost of the concrete and '038 the cost of the 

R.S. D 
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steel. When the percentage of tensile reinforcement is 
increased to 3 per cent., for instance, the relative cost is shown 
to be increased to '255, that is by 54 per cent., and of this *255, 
•102 represents the cost of the concrete and 'ISS the cost of 
the steel. In the case of a tee beam with '6 per cent, of 
reinforcement the relative cost is represented approximately 

by ^ X -128 + -038 = '089 

i.e., cost of concrete, less 60 per cent, saving + cost of steel ; 
and when the percentage of reinforcement is increased to 
3 per cent, the relative cost is increased to 

^ X -102 + -153 = -194 

that is by 118 per cent. This percentage would in practice be 
somewhat greater, because in arriving at the cost of the 
sparingly reinforced beam the proportion of concrete saved 
should have been taken at rather more than 60 per cent., 
while in the case of the larger percentage of reinforcement the 
proportion of concrete saved by tee beam construction should 
have been estimated at rather less than 60 per cent. 

Similarly in the case of a rectangular beam reinforced with 
•6 per cent, of old rails, the relative cost is shown in Pig. 11 
to be '146 as compared with '152 which is the relative cost of 
a beam of the same breadth and moment of resistance, when 
reinforced in tension and compression with 8 per cent, of old 
rails. The increase in the cost in this case is only 4 per cent, 
but in the case of tee beams similarly reinforced the approxi- 
mate relative cost of the deeper beam, sparingly reinforced, is 

(^ X -128 + -018] -069 and of the shallower beam with 

8 per cent, of total reinforcement U^ X -090 + -062] '098 

showing an increase in cost amounting to 42 per cent. 

It is quite evident then that with tee beams a small percent- 
age of reinforcement provides by far the most economical con- 
struction, and larger percentages should only be used when the 
required moment of resistance cannot otherwise be obtained 
within the depth available for the construction of the floor. 
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SHEAR STRESS 



Formula, 




AJk^VvVA- 



The first cracks to appear in reinforced concrete test beams 
are nearly always due to diagonal tension, resulting from shear 
stress, because local slipping of the reinforcement causes the 

tendency to shear to concentrate at certain 
points. The vibration to which so many 
railway structures are subjected increases 
this tendency for local slipping to occur, 
and it is, therefore, very essential that such 
structures should be adequately reinforced 
to resist shear stress. Numerous teste have 
been carried out, some with the object of 
investigating the nature of these shear 
stresses, others with the object of demon- 
strating the virtue of particular forms of 
Fig 16.-Diagram gj^^^j, reinforcement. 

of Couple Resist- 
ing Bending. In the previous chapter expressions were 

obtained for the total compressive stress, 

it>ijfc, and the tensile stress, j^^^Usf constituting the equal 

forces providing the moment of the couple resisting 

bending, in a beam reinforced in tension only. The 

length of the arm of the couple was also determined and 

found to be (d — y/s) ovd ( 1 — ^ ) see Pig. 16. The moment 

of resistance at any section can be written 

M = phdf,d {i-^^ . . . (3> 
and at a section a unit distance away 

M' =phdf; d (l - 



Sd 



)• 



Inches and pounds are the units conventionally used in 
reinforced concrete calculations, and as one inch will in general 

D 2 
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be a very small part of the whole span, the shear throughout 
this length may be taken as constant, and equal to the 
difference between the bending moments at the sections at 
either end of it, since such difference represents the rate of 
change of the bending moment at the section considered, which 
by definition is equal to the total shear. The total shear F, 

therefore = M — Mi = phd(fs — //) d (l — ^ j and ph d 

(fs—fs) is equal to the bond stress, or the resistance offered 
by the rods to slipping through the concrete, per unit of length. 
If the intensity of this stress per square inch is represented by 
u, and there are n rods each having a circumference irt, 

ph d (f, — //) =niT 1 21 

and F =z d (1 — yjs d) f^ '"" t ^'> 

F 
^ (1 — ij/s d) n-n t 

This equation provides a means of proportioning the size and 
the number of the rods so as to keep u sufi&ciently small to 
prevent the possibility of the rods slipping through the 
concrete. 

Example 7. — The maximum shear on a reinforced concrete plat- 
form flag 3 ft. wide is 2,530 lbs. The reinforcement amounts to 
•6 per cent, of the effective area and is 4f in. below the top surface 
of the flag. The tendency of the rods to slip through the concrete 
must not exceed 50 lbs. per square inch. Find the maximum 
diameter of the rods and their distance apart. 



From (9) 



50 = ^'^^^ 



n TT t = 13. 



4t (1 ^ ] nirt 



• (' -40 



Also ^^^ = -006 X 36 X 4|, 

n'TTt^ = 3-78 

3*78 
t = -yo- = '29 in., say No. 1 gauge, area 

•07 sq. in., 13 of these would be required to make up the area, and 
the spacing is therefore yo or 2f in. 
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The shear stress in the concrete immediately above the rods 
must also be equal to phd {fg — //) and if the intensity of this 
stress, which is spread over an area 6 X 1, is represented by s 



^ = '^^'{'-{d)- 



If the tensile resistance of the concrete is neglected, as it has been 
in arriving at the preceding formulae, the shear stress in the 
concrete between the steel reinforcement and the neutral axis 
must be constant and will then diminish in value from the 
neutral axis upwards and become zero at the compression edge 
of the beam. The symbol s, therefore, represents the value of 
the shear stress throughout a considerable part of a section of 
the beam, and the design of the web reinforcement is generally 
based upon this value of s as determined by the equation 

F 

S = -r^ ; . . . (10) 



■' (^ - ii) 



Example 8. — Find the maximum intensity of shear stress in the 
lintel described in Example 3. 

5,600 



s = 



14 X 10-5 f 1 - y) 

= 44 lbs. per square inch. 
•40 is the value of yU corresponding to -9 per cent, in Fig. 17. 

d \\. — ^-ij is the distance between the centre of the reinforce- 
ment and the resultant of the compression stresses and this 
distance depends only upon the percentage of reinforcement. 
The values of vjd determining the position of the neutral axis 
corresponding to various percentages of tensile reinforcement 
are plotted in diagram form in Fig. 17 and the values of 

( 1 — ^,1 are plotted on the same diagram. It is these values 
which enter into the calculations of the intensity of shear stress. 

Ultimate Shear Stress. 

The question of web reinforcement has been very completely 
investigated by Prof. Talbot, who carried out an extensive 
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Fig. 17. — Position of Neutral Axis. 
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series of tests on beams, without web reinforcement and 
with various forms of web reinforcement, at the Engineer- 
ing Experiment Station in connection with the University 
of lUinois, U.S.A., during the years 1907 and 1908. The 
experiments covered a very wide range and were planned to 
give information of a varied character. Possibly concrete 
mixed in the proportions of one part cement, two parts sand 
and four parts of aggregate represents the quality in most 
common use and a number of beams made with concrete of this 
strength and reinforced with from 1 per cent, to 1*5 per cent, 
of straight rods were tested, generally after 60 days. In 
about 40 tests the value of s calculated for the breaking load 
varied from 100 lbs. per square inch to 200 lbs. per square 
inch. The beams were loaded at the one third points and the 
span was in some cases 6 ffc. and in other cases 12 ft. The 
average value works out at about 150 lbs. per square inch and 
this is equivalent to about 125 lbs. per square inch at 28 days. 
It would appear, therefore, that the woi'king value of the shear 
stress for 1:2:4 concrete should not he taken at a higher value 
than 80 lbs, per square inch, although the recommendations of 
various authorities favour a value as high as 60 lbs. per square 
inch. The ultimate shear stress developed in the 12 ft. spans 
was generally speaking a good deal less than that developed 
in the 6 ft. spans, all the beams being of the same section, 
namely, 8 in. wide and 10 in. deep from the compression 
surface of the concrete to the centre of the reinforcement. The 
beams containing the higher percentage of reinforcement gave 
better results than those with the lower percentage, and as in 
practice the proportion of steel would often be even less 
than that provided in these test beams, a value of 30 Ihs, per 
square inch would certainly appear to he the maximum shearing 
stress that should he permitted in heams containing no weh 
reinforcement. 

rt may be that the method of concentrating the load at two 
points is not conducive to good results in tests designed 
to determine shear resistance and better results would 
possibly be obtained with a distributed load. As most 
laboratory tests however are carried out with this third point 
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loading it is diflBcult to ascertain whether higher values of shear 
resistance are likely to be developed under the condition of 
uniformly distributed loading generally occurring in practice. 

In some tests carried out by Messrs. David Kirkaldy and 
Son for the purpose of comparing beams reinforced with 
expanded steel-bars with others reinforced with straight plain 
bars only, the latter failed by diagonal shear at loads giving 
an average value of about 100 lbs. per square inch for the 
maximum shear stress. Similar beams reinforced with 
expanded steel-bars failed by direct tension at the middle of 
the beam. Prof. Talbot points out that failure by diagonal 
tension in beams without web reinforcement generally occurs 
suddenly and without warning, and in consequence of this, 
emphasises the importance of using effective web reinforce- 
ment in all cases in which the shear stress cannot be kept at 
a low value. 

Depth of Beams. 

In ordinary beams carrying a uniformly distributed load and 
designed for definite working stresses in the concrete and in 
the steel, the intensity of the shear stress is simply a function 
of the ratio of the depth of the beam to the span. For 
instance, in the case of a beam supported at the ends and 
carrying a uniformly distributed load of iv lbs. per lineal inch 
and reinforced with '6 per cent, of tensile reinforcement in the 
shape of straight rods, the intensity of shear stress 

_ ^ 2v I __ '57 IV I 

•88 being the value of f 1 — ^\ corresponding to '6 per cent. 

in Fig. 17. 

The maximum bending moment at the centre of the span 

IV P 

= -— - and the moment of resistance = '15 h d^fc the figure 
8 

•15 being obtained from Fig. 11. 

Equating the bending moment and the moment of resistance 

'-^ = -15 b d'f„ 
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. «L« ^ 1:2^; 

^^^•- bd I ' 

•57 «• Z -68 </ /; 

and this is equal to h. If s is taken at 30 lbs. per square inch 
and fc at 500 lbs. per square inch 

68 (I X 500 



30 = 



I 



and y = YT about. 

Therefore, in ordinary beams uniformly loaded, the shear 
stress will not exceed 30 lbs. per square inch if the depth from 
the top of the beam or slab to the centre of the reinforcement is 
less than one eleventh of the span, and ordinary beams or slabs 
which fulfil this condition need not be provided with stirrups 
or shear members. 

Eeinforced concrete beams are very generally continuous 
over the support and the usual practice in designing them is 

w P 
to estimate the maximum bending moment as equal to -j— or 

even -zr^. In the former case the shear stress will not exceed 

30 lbs. per square inch unless tlie beam is deeper than one- 
fourteenth of the span. At first sight it would appear that the 
deeper beam would be stronger in shear, but the necessity for 
a beam twice as deep, for instance, for a particular span, 
impUes a load two squared or four times as great, and the 
intensity of the shear stress will therefore be twice as great. 

Beams deeper than the limits referred to, therefore, will always 
need to be reinforced with stirrnps or bent up rods or other form 
of web reinforcement, in order that the beam may be as strong 
to resist shearing action as it is to resist bending. 

ShEAII PiEINFORCEMKNT. 

Turning up some of the rods towards the ends of the beam, 
as shown in Fig. 18, provides a simple and effective means of 
reinforcing the web^ and at the same time brings some of the 
reinforcement into the top plane of the beam at the ends, 
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where, by reason of continuity or complete or partial fixture, 
tension stresses may be developed. For slabs this method is 
very generally adopted more perhaps on account of preserving 
continuity over the supports than of increasing the resistance 
to shear, because as already stated this last is in the case of 
shallow slabs generally amply provided by the concrete itself. 
It is rather remarkable that in the tests carried out at the 
Illinois University Experiment Station the beams in which 
some of the rods were turned up failed on the average when 
the calculated maximum shearing stress was only about 
220 lbs. per square inch and these beams moreover, were 

tested after 60 days 
and in general had 
a larger percentage 
of reinforcement 
than is common in 
practice. In some 
of these tests the 
ends of the rods 
turned up were pro- 
vided with screw 
threads, washer 
plates and nuts to 
anchor the rods firmly into the concrete, and most of the 
beams treated in this manner failed by tension at the middle 
and not by diagonal shear. The practice of splitting the ends 
of rods, or bending the ends to a right angle, which is very 
commonly adopted, is likely therefore to increase the value of 
shear reinforcement treated in this way. The beams in which 
rods were turned up at more than one point gave better results 
than those in which all the shear reinforcement was con- 
centrated in one diagonal plane, and this seems to point to the 
value of a good distribution of the web reinforcement. 

The values of the shear resistance obtained with beams rein- 
forced with straight rods and stirrups averaged about the same as 
those with turned up rods, namely, 220 lbs. per square inch for 
1:2:4 concrete after 60 days. After 28 days this would only be 
equal to about 180 lbs. per square inch and these figures indicate 




Fig. 18. — Shear Reinforcement. 
Bent up Bars. 
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very forcibly the importance of keeping the estimated shear stresses 
as loic as possible, when designing reinforced concrete l)eam8, 
and providing where necessary adequate web reinforcement. 

Prof. Talbot concludes from his experiments that very 
little stress is developed in vertical stirrups until a diagonal crack 
has formed. These members therefore, when used in practice, 
are in the nature of a " lay by " or safeguard, and would only 
appear to come into operation if the concrete is not able to 
resist the shear stress unaided. It is very desirable that the 
concrete should not crack, and, as in test beams with rods bent 
up the loads producing the first discernible crack were con- 
siderably higher than in those with vertical stirrups, this first 
method of reinforcing the web has a considerable advantage. 
This fact has been recognised in the construction of many 
patent stirrups which are made in such a way that when fitted 
on to the main reinforcing rods the loose ends lie in diagonal 
planes of the beam. 

Design. 

As it is so uncertain what proportion of the stress is taken 
by bent up rods or stirrups, any method of calculating the size 
and spacing of these members can only be regarded as an 
arbitrary means of comparing one case with another. One 
method is to proportion the section of the steel to take the 
whole of the shear stress ; another method is to provide suffi- 
cient steel to resist the surplus shear over and above that 
which the concrete is safely capable of resisting. 

The recommendations contained in the second report of the 
Joint Committee on Eeinforced Concrete, appointed by the 
Eoyal Institution of British Architects, are in this sense, and 
a value of 60 lbs. per square inch is assumed for the working 
resistance of the concrete to shear ; but a note is added to the 
effect that in important cases when extra strength is required 
the resistance of the concrete to shear should be disregarded. 

The maximum intensity of the shear stress on a vertical 
plane has been determined as 

F ... (10) 



s = 



h d 



(' - S^J 
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and this value, therefore, also represents the maximum inten- 
sity of shear stress on any horizontal plane in the lower part 
of the beam at the section where the total shear is equal to F, 
The shear stress per lineal inch tlierefore equals 

F F 



hs = 



J 



i d 



the value otj being given in Fig. 17. If vertical stirrups (Fig. 19), 



G 




Fig. 19. — Shear Reinforcement. Stirrups. 

each having a total cross sectional area a, and spaced x in. apart 
at this point, are to be proportioned to resist the whole of this 
shear stress ; the unit shear stress in the steel will equal 

Fx 



s = 



or, 



aj d 

s' aj d 

F 



(11) 



The value of s' commonly used is 75 per cent, of the work- 
ing tensile stress adopted for the main steel reinforcement. 

Example 9. — Fig. 20 shows the cross section i>i the floor of a coal 
gantry. The span of the cross girders is 28 ft., they are 8 ft. apart. 
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Fio. 20.— Floor of Coal Gantry. 
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12 in. wide, 2 ft. 3 in. deep overall, and there is 2 J in. of concrete 
below the centre of the reinforcement. The rail bearers divide the 
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X = 



length of the cross girders into five bays. In the end bays some of 
the shear is resisted by the main kirs turned up, but in tlie bays 
under each "four foot" tlie only shear reinforeement consists of 
stirrups of f^ in. diameter. Assuming the reinforcement to resist 
the whole of shear stress detennine the spacing of the stirrups. 
Working shear stress for steel 11,000 lbs. per square inch. Live 
load 1 ton i>er lineal f(K)t on each track. Dead load 1 cwt. per 
square foot. Proiwrtion of longitudinal reinforcement 'C per cent. 
Shear at section, 5 ft. 6 ins. from centre. 

Live load, 8 x 1,120 = 8,900 lbs. 

Dead load, 8 x 5-5 x U'l = 4,91^8 lbs. 

13,888 lbs. 
Area of ^^^^^ inch diameter roil = -077 s(j. in. 
From equation (11) 

11,000 x^ 2 _x -077 X -89 x^-W) 
13,888 " ■ ' 

say 2 J in. 
The stirrups can be arranged in pairs or groups of three on the 
various longitudinal rods, as convenient, so as to leave about 6 in. 
or about 9 in. spaces for j)ouring in the concrete. 

It is recommended in the report previously referred to, that 
when shear members are inclined at an angle of about 45 degs. 
to the horizontal, the 
cross sectional area 
may be decreased 
in the proportion of 

"7^ There is in 

common use a simple 
graphic method of 
determining the theo- 
retical spacing of 
shear members of 
constant cross section 
throughout the length 
of a beam when once the spacing of these members at the 
ends of the beam, where the shear stress reaches a maximum, 
has been fixed. It is based on the rule defining shear as the 
rate of change of bending moment, and worked out from the 




Fig. 21.— Spacing of Stirrups. 
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bending moment diagram, see Fig. 21. The spacing x for the 
end stirrups is marked off at the ends of the span in the 
bending moment diagram, and a vertical line CD erected. 
CD represents the change in bending moment throughout the 
length X, and the total working shear stress for one stirrup or 
web member. Other horizontal lines are drawn at equal dis- 
tances CD from one another and verticals are drawn through 
the intersections of these lines with the bending moment 
curve. These verticals determine the theoretically correct 
spacing for stirrups or shear members of constant section. 
Strictly speaking these should be placed at the centre of the 
spaces thus determined. This method is of course only applic- 
able to a beam carrying a fixed load. In the case of beams 
subject to a moving load the condition of loading producing the 
maximum shear at any section will need to be considered. 

Principal Stresses. 

The experiments referred to in Chapter II. indicated that at 
the centre of a beam the tensile resistance of the concrete, cor- 
responding to work- 



ing loads, is on the 

point of breaking 

X X ^ down and it is there- 

_^irv^!- fore neglected. At 

^ \ the ends of a beam, 

however, the stresses 
^^\y_^_ due to bending are 

^^ generally small and 

under these conditions 
Fig. 22.— Principal Stresses. the concrete is un- 

doubtedly in tension. 
In parts of a beam subject only to a vertical and horizontal 
shear stress, say of 60 lbs. per square inch, the resultant 
principal stresses, tension and compression, are each of inten- 
sity equal to 60 lbs. per square inch and act in directions 
making angles of 45 per cent, with the axis of the beam as 
shown at x in Fig. 22. If in addition to this shear stress 
there is also tension acting in a horizontal direction of inten- 
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sity equal to 80 lbs. per square inch the resultant principal 
stresses are given by the roots of the equation 

q{q- 80) = 60^ 
That is, the resultant tension is 112 lbs. per square inch, and 
the resultant compression 32 lbs. per square inch, and the 
directions which are shown at Y in Fig. 22 are determined by 
the relation : — 

2 X 60 



tan 2 r = 



80 



The two values of r obtained from this equation determine 
the directions of the resultant stresses relatively to the axis of 
the beam. 

|<- . eo' - -J 

k — - 4 6^ . — >. 
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Fig. 23. — Tee Beam. 



These stresses 
are always at 
right angles to 
one another, 
and the 
smaller angle 
applies in this 
case to the 
resultant ten- 
sile stress. 

By working 
out the values 
and directions 

of these principal stresses at several points in a beam or similar 
structure, a good idea is obtained of where high tension stresses 
are likely to occur, and reinforcement should always be provided 
in a suitable direction to augment the resistance of the concrete 
at such points. It is claimed for the Hennebique system of rein- 
forced concrete construction that out of more than a thousand 
completed buildings and other structures in the United King- 
dom there has not been one failure, and it is probable that this 
success is largely due to the numerous stirrups and secondary 
members employed, apart from the main reinforcement. 

Tee Beams. 
Tee beams will in most cases require shear reinforcement 
because the area of the concrete resisting shear is considerably 
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restricted. A typical tee beam which was designed for a 
27 ft. span, is shown in Fig. 23. The recommendations 
contained in the E.I.B.A. reports with regard to the calculation 
of tee beams are that the width of the slab floor, considered as 
forming the compression member of the beam, should not 
exceed one-third of the span, three-quarters of the distance 
between the centres of the beams, or five times the width of 
the lower part of the beam. The second criterion will 
determine the theoretical width of the beam shown in Fig. 23 
as 4 ft. 6 in., and the resistance to compression is assumed to 
be uniformly distributed over this width. The neutral axis is 
estimated to be well below the under side of the slab and as 

the compression in the small area below the slab 

\ and above the neutral axis is usually neglected, 

' ' the intensity of shear stress in the lower part 

of the beam may be regarded as constant. 

Immediately above the under side of the slab 

the intensity of shear stress diminishes in the 

ratio of 1 : 4*5 and between this point and the 

Fig. 24. Dis- top of the beam further diminishes to zero 

Shear^Stress according to the ordinates of a parabola as 

shown in Fig. 24. The sudden change in stress 
at the junction of the slab and the beam is avoided to a certain 
extent if the sharp angles are rounded or splayed off as shown 
in Fig. 23. The stirrups or other form of web reinforcement 
provided to meet the high shear stress in the lower part of the 
beam must obviously be carried well up into the slab in order 
to effect any useful purpose, because the maximum shear 
stress is maintained right 
up to the junction of the 
beam with the slab. 

Special Systems. 
In some systems the ^ ^ . t^ ^ c^- 

, 11. 1 Fig. 25. Bent Bars and Stirrups. 

shear members form part 

of the mainbars, as in the Kahn bar and the expanded steel-bar 
Fawcett's Mon'lithcrete girders, illustrated in Fig. 3 really 
.consist of tension, compression and shear reinforcement all in 
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one. In the Coignet system vertical stirrups are wrapped round 
the tension and compression main rods, and in addition smaller 
rods are bent up as in Fig. 25, and the reinforcement thus 
forms a complete frame. One of the greatest difficulties in 
designing the shear reinforcement of beams, and the same 
difficulty applies to the hooping of columns, is to avoid the 
possibility of infringing several patents. Numbers of these 
have been granted in this country, and it would appear to be 
difficult to bend a piece of wire without infringing one or other 
of them. Possibly the best way out of the difficulty is with 
good grace to purchase these members from one or other of 
the firms supplying them, taking care that the price paid 
covers the necessary licence to use the stirrups or hoops 
without liability of infringing any master patent. 

Bond Stress. 

Closely allied to shear stress is the bond stress between the 
reinforcement and the surrounding concrete. An expression 
was obtained for the intensity of this stress on p. 36. It 
may be noticed that in Considere's experiment described on 
p. 20, care was taken to eliminate shear and obtain a condi- 
tion of pure bending. That is, the tension produced in the 
steel was constant throughout the length of the test-piece, and 
under these conditions it was possible to stress the steel up to 
20 tons per square inch without causing cracks in the surround- 
ing concrete. In the ordinary test beam and in practice, 
however, the stress in the steel varies, and under these con- 
ditions it is found that cracks occur in the concrete when the 
stress in the embedded steel is very much less than 20 tons 
per square inch. The variation in the total stress in the steel 
between any two sections is balanced by the bond stress spread 
over the circumference of the rods between these sections, and 
as the stress due to bending generally varies most rapidly at 
the ends of a beam, it is at these points that the bond stress 
attains a maximum value. 

Reference has been made to some of the beams tested at 
the Illinois University Experiment Station in which the ends 
of the inclined rods were screwed and provided with washer 

B.S. E 
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plates and nuts to prevent the rods pulling out of the concrete. 
The beams so treated failed by direct tension at the centre 
and not by giving way at the ends, and the inference is that 
the cracks, which occurred at the ends of beams in which the 
rods were not provided with anchorages, were in great measure 
due to the steel slipping in the concrete near the ends where 
the bond stress is greatest. In the case of the beams in which 
the rods were anchored, slip may, and probably does, still take 
place locally, resulting in what is virtually a trussed beam, and 
the stress in the tie rods is more or less constant throughout 
the length of the beam. The practice of turning rods up 
towards the ends and fish-tailing them or bending them at the 
extremities has therefore much to commend it, and is hkely 
to form an adequate safeguard against absolute failure by 
diagonal tension. 

The ultimate adhesion between concrete and steel appears 
to vary very considerably and to depend very largely on the 
manner in which it is determined. The value of the working 
adhesion is sometimes taken as equal to the working shear 
stress in the concrete, on the assumption that some of the 
latter sticks to the steel in the event of failure, and therefore 
such faUure is really due to the shearing of the concrete. In 
the London County Council regulations for reinforced concrete 
construction the bond stress is allowed to reach a maximum 
value of 100 lbs. per square inch, but the ends of ordinary 
smooth bars are required to be bent over or fish-tailed. The 
natural adhesion between the reinforcement and the surround- 
ing concrete may be augmented in various ways, as, for 
instance, by employing special bars securing a mechanical 
bond such as the indented bars, Kahn rib bars, Thatcher bars, 
or twisted bars, or by using stirrups, which are or can be 
rigidly connected to the main reinforcement, as in the case of 
Kahn trussed bars, expanded steel bars and various patent 
stirrups used in conjunction with ordinary round or square 
rods. The bond stresses may also be kept low by using a 
greater number of rods of small section instead of a few large 
ones, because in the former case the exposed surface of the 
rods is greater relatively to the cross sectional area. 



CHAPTER IV 

floors and buildings 

Scope. 

The construction of floors and buildings constitutes part of 
the railway engineer's work in providing platforms, loading 
decks, wharves, high-level stations, goods warehouses, oflSces, 
&c. Reinforced concrete has been extensively used in the 
construction of floors for loading and storage purposes, and for 
buildings generally. Probably the earliest experience in this 
country in the use of this material on anything like a large 
scale was obtained in the construction of buildings for 
transport purposes, as, for instance, the transit sheds built 
for the Manchester Ship Canal Company. 

In this connection the material possesses very great advan- 
tages : It is clean, does not harbour vermin, and the risk of 
damage by fire is very small. For many years it has been 
a common practice to substitute steel and jack arch, or similar 
flooring, for wooden -joists and floor-boards in the pursuit of 
these advantages, coupled with the object of eliminating 
maintenance. Reinforced concrete floors are lighter and can 
be constructed at less cost than steel and jack arch, or steel 
and concrete floors, and the surface can easily be laid to falls 
and drains provided to facilitate washing down. These pro- 
perties render the material particularly suitable for the con- 
struction of warehouses, loading decks and similar structures, 
and considerable use has already been made ol it in these 
connections. 

Flags of York stone, artificial stone or cement concrete, not 
reinforced, have long been in common use for paving laid on 
a solid foundation or to bridge over small openings. When 
cement concrete or artificial stone flags are reinforced, their 
strength is very considerably increased, and they can be used 

E 2 
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to span much longer distances without any increase in the 
thickness. The construction of floors on this principle 
possesses very great advantages. In floors carried on jack 
arching, for instance, the wearing surface has still to be pro- 
vided after the arches have been backed up with concrete to 
form a level foundation, and this construction, therefore, occupies 
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Fig. 26.— Jack Arch Floor. 



a fair amount of space besides being costly. An example of 
this type of flooring in common use for bridge and warehouse 
floors is shown in Fig. 26. This floor consists of two half -brick 
rings of brickwork in lime mortar, and 3 in. of cement 

concrete paving, and, when 



r J" Paving b'^z\ 



the soffit is faced with blue 
brick, costs about lis. a super 
yard exclusive of the joists. 
A single half-brick ring built 
in cement mortar, with the 
same thickness of paving, 
would cost nearly 10s. a 
super yard. A reinforced 

Fig. 27.— Reinforced Concrete Plat- concrete flag 5J in. thick is 

form. Section. ai * l\ l £ j- 

suraciently strong for ordi- 
nary loads to span about 7 ft., which is the maximum spacing 
over which the jack arch construction would be used, and the 
cost of this is about 7s. per super yard. 




Platforms. 

At this price a platform can be built more economically by 
constructing piers at frequent intervals and bridging over the 
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gaps with flags, than by building the usual platform wall to 
retain earth filling and laying the paving on the solid founda- 
tion thus formed. Figs. 27 and 28 show in section and in 
elevation a platform constructed in this way, the piers being 
8 ft. centres and the flags 5J in. thick. The standard plat- 
form construction is shown for purposes of comparison in 
Fig. 29. The back of the platform is constructed in the same 
way in either case, and the differences are confined to a width 
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Fig. 28. — Reinforced Concrete Platform. Elevation. 

of about 5 ft. measured from the platform edge. The cost of 
this portion complete in the case of the reinforced concrete 
construction was 11. 10s. 3rf. per lineal yard. The cost of the 
same width of platform constructed as shown in Fig. 29 at the 
same basis prices is estimated to be 21. 4s. 2(1. per lineal yard. 
The somewhat high prices are largely 
due to the special hard non-slip flags 
in the latter case, and the provision 
of a comparable wearing surface in 
the former case. 

The ribs beneath the flags at the 
bearings are provided in order that 
the face of the brick piers may be 
set back 1 ft. from the nose of the 
platform as required by the Board of Trade regulations, and 
also serve to distribute the end reactions uniformly over 
the whole width of flag. The flags are liable to bear at 
one or two points, or even at diagonally opposite corners, 
and in a plain slab this would result in a considerable loss of 
strength. 

As regards the longitudinal reinforcement a convenient 







Fig. 29.— Standard Platform. 
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width of the slab, say 1 ft., is designed as a simple beam as 
follows: — 

Span (between centres of bearings), 7 ft. 4 in. = 88 in. 

Width considered, 12 in. 

Dead load, 7-8 ft. X 1 ft. X '54 ft. X 145 lbs. = 572 

Live load, 7-3 ft. X 1 ft. X 140 lbs. = 1,022 



1,594 lbs. 
Maximum bending moment — ^ 

o 

= 17,500 in. lbs. 
Moment of resistance with '6 per cent, of reinforcement 
(Fig. 11), 

= -15 X 12 X d^ X 500 
d2 = 17,500 -^ -15 X 12 X 500 
= 19-4 
d = 4*4 in. 
•6 per cent, of 12 X 4*4 = '31 sq. in. 
These slabs are reinforced with Johnson's steel-wire lattice, 
the cross sectional area of the longitudinal wires being 
•29 sq. in. per foot of width. The specification requires 
that all steel shall have at least 1 in. of concrete covering, 
and the flags were made 5^ in. deep to achieve this. The area 
of the reinforcement being a trifle bare means a somewhat 
higher unit stress in the steel than 14,500 lbs. per square inch, 
but with fine wires such as those employed — the longitudinal 
wires are No. 10 gauge — there is no harm in this, as the bond 
stresses are quite small. 

It is rather necessary to examine the tendency of the 
reinforcement to slip in the case of slabs, because as the span is 
generally small the maximum stress is developed in a com- 
paratively short length. 

In the platform flags illustrated in Figs. 27 and 28 the rein- 
forcement is turned down at the ends into the ribs, and this 
provides further security against slipping. Even in flags 
supported on two sides only it is always desirable to provide 
transverse reinforcement. The reactions from a concentrated 
load at the centre of a square slab, for instance, are distributed 
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more or less uniformly over the whole width of the bearings, 
and this distribution can only be secured at the expense of 
transverse stresses in the slab. In a slab of definite dimen- 
sions and liable to be subjected to a known concentrated load 
the requisite amount of transverse reinforcement can be 
calculated. Generally speaking, however, the transverse rein- 
forcement is determined in quite an arbitrary manner, and in 
the case of the Johnson's wire lattice used to reinforce the 
platform flags the cross wires are No. 11 gauge and spaced 
4 in. apart. 

Continuous Spans. 

Slab floors are far more commonly formed in sitn and 
supported by rolled steel joists or reinforced concrete beams. 



we 




Fig. 30.— Bencliiif^ Moment Diagram for Equal 
Coiitiiuums Si)ans, with Fixed Ends. tJni- 
formlv Distributed Ijoad. 



In either case the slabs are generally continuous over the 
supports and require to be designed accordingly. 

If a number of equal continuous spans are loaded uniformly 
with a total load W on each span of length Z, and the ends are 
fixed at the extreme supports, there is a positive bending 

nv 

moment at the centre of the spans equal to -^3-, and a negative 

bending moment over the supports equal to —, as shown 

in Fig. 30. If some spans arc covered with liv(i load and 
others unloaded, these values may be varied somewhat, and in 
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standard practice it is usual to provide for a maximum 

Wl 1 

positive bending moment of -j^ at the centres of the spans, 



12 



or even 



Wl 
10' 



The bending moment diagram for the case of a uniformly 
distributed load on five equal continuous spans, with the 
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Fig. 31.— Five Spans Fully Loaded. 

extreme ends supported only and not fixed, is drawn in Fig. 31. 

In this case the positive bending moment in the middle of a 

Wl 
span reaches a maximum value of ;r^ and the negative bending 

Wl 
moment over a support a maximum value of — ^7^. If the 

live load is twice the dead load, and only the first, third and 
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Fig. 32. — Alternate Spans, Dead Load only. 

fifth spans are covered with live load, the bending moment 
diagram is as shown in Pig. 32. This condition is quite likely 
to occur in an office, for instance, with bookcases or presses 
against the wall and heavy desks in the middle of the room, 
and the result is increased positive bending moments in the 
loaded spans. These diagrams (Figs. 31 and 32) are quite 
sufficient to show the necessity of adequately providing for the 
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negative bending moments over supports, and also providing 

for a possible positive bending moment at the middle of the 

Wl JVl 

spans at least equal to -j^ ^^ ^^ ®^^ ^^J^ Tn* 

In determining the negative bending moments, the supports 
are assumed to be without breadth, and the values obtained 
would therefore never be realised in practice. The effect of 
the definite breadth of the support is to round oflf the sharp 
points of the bending moment diagram as shown by the dotted 
line in Fig. 30, and considerably diminish the maximum value. 
The practice of only turning up alternate rods to lie near the 
top surface of slabs over supports and leaving the intermediate 
rods straight, is, in most cases, therefore, quite sufficient to 
ensure continuity without subjecting the steel to any higher 
tensile stress than that developed in the middle of the span. 
The manufacturers of expanded steel recommend the provision 
of separate sheets of the metal over the supports, of length 
equal to '4 times the span, and the lower sheet is kept in one 
plane and extends throughout the slab and is joined where 
necessary over the supports or beams. With some forms of 
wire-lattice reinforcement it is practicable to constrain the 
fabric to lie in the lower plane of the slab in the middle of the 
spans and near the top surface over the supports. 

Slabs Supported on Four Sides. 

Eeference has been made to the necessity for providing 
transverse reinforcement in all slabs, although the precise 
amount required cannot in all cases be readily ascertained. 
It very frequently happens that slabs are supported on four 
sides, and if the length of rectangle enclosed by the four 
supports is not greater than twice the width a considerable 
increase in strength results from the additional support. It 
seems fairly well estahliHlied hy experiment that a square slab 
supported on four sides will carry tivice the load that a similar 
slab will carry when supported on two sides only. 

In the case of a square reinforced concrete slab supported 
on four sides the reinforcement will need to be the same in 
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both directions, and the amount can be calculated from half 
the bending moment corresponding to the load to be carried, 
the length of the span, and the condition of the ends. Various 
rules have been framed for determining the strength of 
rectangular slabs supported on four sides, but these differ con- 
siderably, and it is quite evident that a sound theory as to the 
distribution of stress in rectangular slabs has not yet been 
propounded. 

The rules for designing slabs as used in practice assume, for 
all intents and purposes, that a larger proportion of the total 
weight carried by the slab is transmitted by ordinary beam 
action to the long supports and a smaller proportion in a 
similar way to the short supports, the proportion depending 
upon the ratio of the length to the breadth. Fig. 33 shows a 
slab with sides of length a and h respectively. If, of the total 
uniformly distributed load on the slab W, Wi is carried by the 
slab acting as a beam of span a and breadth 6, and W^ is 
carried by the slab acting as a beam of span h and breadth a, 
the common deflection 6 at the centre of the slab may be 
written 
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and 777- = 4 ■ 74 .... (12) 



while ^^ = ^,-j-^, .... (13) 

Professor Grasshof and Professor Rankine formulated this 
theory of the action of rectangular slabs supported on four sides, 
and the values of the ratios (12) and (13) are plotted in Fig. 34 

for values of y from 1 to 2. This theory might reasonably be 
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supposed to apply to the strips marked x in Fig. 33, but the 
strip marked //, for instance, is obviously in a very different 
condition under load and would scarcely deflect at all. The 
values of the factors adopted by the French Government in 
the instructions issued to the Ingenieurs des Fonts et Chaussees 
are lower than those of Grasshof and Eankine, and in this 
sense may be said to take into account the decreased strain of 




Fig. 33. — Eectangular Slab. 

parts of the slab near the supports in similar positions to the 
strip marked y. These values are also plotted in Fig. 34, or 

they may be calculated from the expressions ^ ^ and 

?>^ + 2 a** 

It will be seen that for a square slab the value of the ratio is 
•33, and this is hardly in keeping with the experimental 
evidence that square slabs supported on four sides carry twice 
the ultimate load as compared w^ith similar slabs supported on 
two sides. Square slabs loaded with a uniformly distributed 
load, when tested to destruction, generally fail by direct tension 
along the diagonals or by diagonal shear along the dotted lines 
in Fig. 35, and this fact would seem to imply that the greatest 
stresses are produced on diagonal planes and not upon planes 
parallel to the supports. Bach's theory is based on this 
hypothesis, and the values of the maximum diagonal stresses 
determined by this method are in magnitude equal to the 
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mean values of the maximum stresses determined by the rules 
recommended by the French Government. It is not con- 
venient to place the reinforcement diagonally, and steel bars 
are scarcely ever so aifranged in practice. 

Probably Grasshof and Eankine's factors are the most 




% ^I'O 



12 1-3 I-4- /5 re i'7 le 
Fio. 34. — Factors for Eectangular Slabs. 



1-9 



20 



reliable to use, at any rate for designing the reinforcement of 
the middle portions of the slab, and as there is so much 
uncertainty as to the real distribution of stress, the plan 
generally adopted in practice of maintaining the size and 
s^mcing of the rods, so determined, throughout the slab, would 
appear to be fully justified. 

Grasshof and Rankine*s theory is based upon the assumption 
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that the slab is equally strong in either direction, and it is 

rather important to investigate the 

probable effect of providing less 

reinforcement parallel to the long 

axis of the slab, and as this is placed 

above the shorter bars in most 

systems, the effective depth is also 

less in this direction. With 
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Fig. 35. — Fracture of Square 
Slab, supported on four sides 
by Diagonal Shear. 

weaker section a given deflection is 
produced by a smaller load, and it 
therefore seems probable that more 
load will be transmitted in the 
direction of the short axis in a 
concrete slab with heavier rein- 
forcement in this direction than 
in a similar slab composed of a 
material equally strong in either 
direction. 

Floors of Buildings. 

In a large building, of which the 
shell is constructed of brick or other 
block work and the floors of rein- 
forced concrete, it is very convenient 
because these serve to tie the walls 
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to have steel main girders, 
together during building 
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and enable the shell to be finished without waiting for each 
floor to be completely constructed as it is reached. The main 
girders being of steel also simplifies the temporary shuttering 
for the floor, as this can be supported on the lower flanges of 
the girders, thus saving continuous propping from floor to 
floor from the ground upwards. 

An example of a reinforced concrete floor constructed on 
this principle is shown in Fig. 36. The main girders consist 
of 18 in. X 7 in. British standard beams of 28 ft. span and 
spaced 7 ft. 3 in. apart. The concrete beams at right angles 
to these are also 7 ft. 3 in. apart. The section (Fig. 36) is 
taken across these beams and shows the main steel beams in 
elevation. The slabs are 4| in. thick over all, reinforced with 
f in. diameter round rods 6 in. apart in each direction. 

The calculation of the maximum stresses in the concrete 
and in the steel according to Grasshof 's and Rankine's theory 
follows : — 

Strength of floor for a live load of 140 lbs. per super foot. 

Size of slabs, 7 ft. 3 in. X 7 It. 3 in. 

Depth from compression surface to centre of reinforcement, 
2g in, 

Percentage of reinforcement ^ ^^ = '64 per cent. 

Weight of blab = 7*25 X 7'25 X '38 X 156 lbs. = 3,070 
Wood floor = 7-25 X 7*25 X '12 X 56 lbs. = 370 
Live load = 7*25 X 7'25 X '140 lbs. = 7,350 



10,790 lbs. 

Maximum bending moment, "5 X — - — ^-t^ = 46,900 

in. lbs. 

Moment of resistance, '15 X 87 X (2^)^ x /c. 

AT • • • ^ ^. 46,900 

Maximum compression m concrete, /c = ..>. ^ ' ^ ..^a = 

±0 X o7 X ^^ 

430 lbs. per square inch. 

Maximum tension in steel, 27 X 430 = 11,600 lbs. per 
square inch. 
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Tvr. uj. 2/; a 2X 11,600 X -11 

Maximum bond stress , ; ^ = .^ J . ^ -.r. = 

I I 77 t 43*5 X 1*18 

50 lbs. per square inch. 

Note: — This method of determining the bond stress, as an 
alternative to the formula given on p. 36, is convenient in the 
case of a distributed load. 

If the super load to be carried by a floor of this sort were 
actually uniformly distributed it would be quite reasonable to 
assume the maximum load carried by one beam to be that 
covering the hatched area in Fig. 37 and equal to half the 
area of one square bay. If the distribution is also assumed to 
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Fig. 37.— Plan of Office Floor. 

follow the hatched area, the maximum bending moment for 
supported, not lixed, ends in terms of W, the load on one square 

bay, would be -zr^. Probably the actual distribution is much 

more uniform than this, in which case the maximum bending 
moment would be less. It must not be forgotten, however, 
that in practice the actual loading, although equivalent to 
140 lbs. per square foot when recorded over a reasonable area, 
might be concentrated in the vicinity of a beam. 

In calculating the strength of the beams shown in Figs. 36 
and 37, the whole load covering one square bay was assumed to 
be carried by one beam, and the maximum bending moment 

calculated from the formula — , in order to include the two 

end bays as well as, the three interior bays. It is certainly 
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advisable that these beams should be made of ample strength 
and stiffness in order that the slabs may receive in practice, 
as in theory, support on four sides. 
Strength of beams : — 

Span, 7 ft. 3 in. = 87 in. 

Effective width the minimum of these values : — 

Span divided by 3 = .-^ =29 in. 

Three-fourths spacing of beams = | X 87 = 65 in. 
Five times width of beam = 5 X 7 = 35 in. 
That is 29 in. 

Effective depth, 7i in. 

Percentage of reinforcement ^^ ^ -■. X 1*2 = '57 per cent. 

Load : — 

Weight of beam, 7*25 X '6 X '4 X 156 = 280 lbs. 
Weight of slab and live load (previous 

calculation) 10,790 lbs. 



11,070 lbs. 
Maximum bending moment, say 

11,070 X 87 Q. onn • 11 
zr^ = 96,300 m. lbs. 

Moment of resistance = -15 X 29 X (7^)^ X fc (Fig. 11). 

Tvr • • • , 96,300 
Maximum compression in concrete = ,^2 = 

420 lbs. per square inch. 
Maximum tension in steel 30 (Fig. 10) X 420 = 12,600 lbs. 
per square inch. 

The concrete was specified to be composed of one measure of 
slow setting Portland cement, two measures of clean sharp 
sand, and four measures of hard broken stone, granite 
chippings or Thames ballast to pass through a screen with 
|-in., mesh and to be retained on a screen with ^-in. mesh. 

Old Rail Reinforcement. 

The above floor forms part of the first floor of a large office 
in connection wiih a railway goods depot. A cartway occupies 
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a portion of the ground floor, and the site of this had previously 
been filled in with some 10 ft. of rubbish. As an alternative 
to removing all this and filling in with reliable material the 
concrete foundation to the wood block paving was reinforced 
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Beams about 7.6 Centres 
Fig. 38. — Foundation to Cartway. Part Longitudinal Section. 

with old rails running longitudinally and strengthened trans- 
versely by means of concrete beams, formed in trenches and 
also reinforced with old rails. Portions of the longitudinal 
section and the cross section are shown in Figs. 38 and 39, 
respectively. The transverse beams bear on the walls of the 
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Fig. 39. — Foundation to Cartway. Part Cross Section. 

building, which are carried down to a firm foundation, and 
although there is filling up to the underside of the concrete, no 
reliance was placed on this in calculating the strength of the 
floor, except that a weaker concrete was used. These calcu- 
lations are given in outline as an example of the use of old rail 
reinforcement. 

R.S. F 
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The average weight of the old rails is 68 lbs. per yard, and 
the area of the cross section 6*67 sq. in., of which 2*6 sq. in. is 
in each flange. 

Strength of foundation to cartway under 20-ton road roller. 

Slabs : — 

Span, 7 ft. 6 in. = 90 in. 

Width considered, 2 ft. 6 in. = 30 in. 

Effective depth, 7 in. 

2-6 X 100 
Percentage of tensile reinforcement, say — (>a x 7 ~ 

1*5 per cent. 

Percentage of compression reinforcement = 1*5 per cent. 

Dead load : — 

Concrete . 7-5 X 2-5 X '75 X 156 lbs. = 2,200 
Wood blocks 7-5 X 2*5 X '4 X 56 lbs. = 400 

2,600 

Maximum bending moment from dead load ^o ^^ 

19,500 in. lbs. 
Live load : — 

6f tons distributed over a square 2 ft. 6 in. X 2 ft. 6 in. 
Maximum bending moment : — 

^ X 3g- X 2240 (45 - 7*5) = 189,000 in. lbs. 

The factor 1-5 is introduced to allow for the coiitinuitij of 

the floor slabs over the beams. 

Total bending moment, 208,500 in. lbs. 

Moment of resistance, '3 X 30 X 7^ X f (Fig. 15). 

., . . . . 208,500 

Maximum compression m concrete = »q v ^n v 7^ — 

470 lbs. per square inch. 
Maximum tension in steel, 23 X 470 = 10,800 lbs. per 
square inch. 

The factors *3 in. the expression for the moment of resistance 
and 23 in the ratio of tensile stress in steel to maximum 
compressive stress in concrete are obtained from Fig. 15. 
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Strength of beams : — 
Span, 17 ft. = 204 in. 
Effective width, 5 X 12 = 60 in. 
Effective depth, 18 in. 

i. . i. i. 6-67 X 100 ^ . 

Percentage of reinforcement = ^^ ^^t = *o per cent. 

Dead load : — 

Concrete . 17 X 1 X 1 X 156 = 2,650 

17 X 7-5 X -75 X 156 = 14,900 

Wood blocks 17 X 7-5 x '4 X 56 = 2,850 



20,400 lbs. 

Live load : — 

13*5 tons axle, wheels 6 ft. 6 in. centres. 

13-5 tons = 30,240 lbs., 15,120 lbs. on each wheel. 

To obtain the maximum bending moment half the dead load 
is added to one of these wheel loads, 

15,120 + ?^^ = 25,320 lbs. 



Maximum bending moment = 



(25,320 + 15,120) 204 — 15,120 X 78] ^ -^ 4 X 40,440 X 



204 = 1,510,000 in. lbs. 

Moment of resistance = '15 X 60 X 18^ X /c- 

,^ . . . , 1,510,000 

Maximum compression in concrete = ^^ ' ^ ' — t^tt^ = 

^ '15 X 60 X 18-* 

520 lbs. per square inch. 

Maximum tension in steel = 29 X 520 = 15,100 lbs. per 
square inch. 

A weaker concrete was specified for this work, namely, one 
measure of Portland cement to six measures of hard stone of 
such a size as to pass through a screen of 1-in. mesh and be 
retained on a screen with J-in. mesh, and three parts of sand. 

Lintels. 

Lintels provide one of the few instances of rectangular 
beams simply supported at the ends, occurring in reinforced 
concrete construction. One of these is sketched in Figs. 40 

F 2 
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and 41, and the calculation of the stresses in this lintel serve 
to further illustrate the use of beam formulae in reinforced 
concrete design. In this case the lintel was designed to match 
an existing stone band running round some station buildings 
and, in consequence, the depth of the beam was fixed and the 
breadth was also restricted by the existing conditions to 7J in. 
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Fig. 40.— Elevation of Lintel. 



The calculations which follow determine the percentage of 
reinforcement required to develop sufficient strength in a beam 
of these dimensions to carry the superimposed load of a few 
courses of brickwork, and an area of slated roofing and ceiling. 
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Fig. 41. — Section of Lintel. 



reckoned as equivalent to a uniformly distributed load of 40 lbs. 
per super foot. 

Span between centres of bearings, 6*7 ft. = 80 in. 
Breadth of hntel, 11 in. 
Effective depth, 7J in. 
Load : — 

Own weight, 6-7 X -75 X -6 X 156 lbs. = 470 

Brick wall, 6*7 X 2*25 X '75 X 140 lbs. = 1,580 

Allowance for roof and ceilings, 6*7 X 8 X 40 lbs. = 2,140 



4,190 
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Maximum bending moment, tt = 41,900 in. lbs. 

o 

Moment of resistance = /.• X 7*5 X 7'6^ X 500 

_ 41,900 _ 

"" 7-5 X 7-52 X 500 "" 

From Fig. 14 it will be seen that this factor is obtained with 
a total reinforcement of 1*3 per cent., of which '8 per cent, is 
placed as tension and '5 per cent, as compression reinforce- 
ment. 

•8 per cent, x 7^ X 7J = '45 sq. in., say (4) f in. diameter 
rods. 

•5 per cent. X 7^ X 7^ = '28 sq. in., say (3) | in. diameter 
rods. 

Columns. 

The condition of stress in a loaded column is readily pro- 
vided for in reinforced concrete construction. In short 
columns, not subject to bending action, experiment shows the 
correct form of reinforcement to be in the nature of a cage, 
surrounding a concrete core and preventing the latter from 
bursting under the influence of compression.. This steel-cage 
is formed of longitudinal bars in conjunction with various 
forms of lateral bracing as shown in Fig. 42, most of which 
are protected by patent. The stress produced in the longi- 
tudinal reinforcement, as compared with the stress in the 
surrounding concrete, is known when once the ratio of the 
modulus of elasticity of the two materials has been determined, 
and is therefore a function of the total load, the area of the 
cross section of the column, and the percentage of reinforce- 
ment. The stress produced in the lateral reinforcement 
presents a far more difficult problem, but M. Considere has 
ascertained by experiment that spiral winding is 2*4 times as 
effective as the same weight of steel in the form of longitudinal 
rods if the breaking load is taken in each case as the criterion 
of strength. The results of Prof. Talbot's experiments agree 
very closely with this figure. A very ingenious argument has 
been propounded to show that as regards working strength 
longitudinal reinforcement is far more effective relatively to 
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lateral reinforcement than these figures appear to indicate. 
It is pointed out that as the breaking load is reached Poisson's 
ratio, i.e., the ratio of lateral strain to axial strain is relatively 
high, but for working loads is quite small, and therefore, it is 
only in resisting loads approaching the breaking load that 
lateral reinforcement becomes so effective, and that lateral 
bracing, therefore, is comparable in its action to vertical 
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Fig. 42.— Columns. 
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stirrups in beams and is to a certain extent in the nature of a 
lay-by. 

In columns of shorter length than, say, 18 diameters, not 
subjected to bending and with laterals more than half a 
diameter apart, the area of cross section A increased by 14 
times the area of longitudinal reinforcement PA and multiplied 
by the working compressive stress for the concrete fc is usually 
taken as the safe working load W, 

That is W =A(l + UP)f, (14) 

P is generally made not less than '008 of A or '8 per cent. The 
diameter of the lateral bracing is generally from ^ in to | in. 
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Example 10. — Find the size of a short square cohimn and the area 
of reinforcement required to carry a central load of 60,000 lbs. 
Proportion of longitudinal reinforcement to be '8 per cent, of the cross 
sectional area and the compression stress in the concrete not to 
exceed 500 lbs. per square inch. 

From (14). 60,000 = ^ (1 + U x -008) 500. 

^ = 108 sq. in. 
Side of column, say 10| in. 

Area of reinforcement = '008 x 108 = '87 sq. in., say four 
Y®^ in. diameter bars. 

In the second report of the E.I.B.A. Joint Committee and 
also in the London County Council regulations, the additional 
strength obtained by lateral hooping of small pitch is very 
carefully considered, and under favourable circumstances the 
working compressive strength of the concrete may be increased 
by 66 per cent, by using about 2 per cent, of special winding 
of pitch not greater than one-fifth of the diameter of the 
hooped core. 

Columns have sometimes to resist bending as well as pure 
compression. In certain cases the bending moment can 
readily be calculated and depends only on the arrangement of 
the applied loads. The gate post shown in Fig. 118, and the 
columns carrying the tracks for the overhead cranes in Fig. 43 
are examples of this kind. 

Columns of greater length than 18 diameters will be very 
rare in reinforced concrete construction, but in long slender 
columns some bending should certainly be assumed, apart 
from any known eccentricity of the loading, to allow for 
inaccuracies of workmanship and the deflection produced in 
long thin struts under direct compression. 

In other cases the maximum bending moment in the column 
depends not only on the applied loads but also on the relative 
stiffness of the column and the adjoining members, such as 
beams, of the structure of which the column forms a part. The 
calculation then becomes more difficult and similar in form to 
the problem presented on p. 137. 

Example 11. — Design a column to carry a load of 50,000 lbs., and 
to resist a bending moment of 80,000 in. lbs., the proportion of 
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reinforcement being 1 per cent, of the cross sectional area and the 
working compressive resistance of the concrete 500 lbs. per square inch. 

Assuming, in order to make a trial shot, that the maximum 
compressive stress due to bending is equal to the direct stress, 
the column will have to be about 14 in. sq. 

From (14). Direct compression in concrete = 50,000 -^ 196 

(1 + 14 X '01) = 224 lbs. per square inch. 

The centre of the steel will need to have 2 in. of concrete 

14 
covering and 1 per cent, of 14 x 14 = ^o' ^^ ^'^^ P®** 

cent, of 14 x 12. 
From Fig. 15, resistance to bending = '187 x 14 x 12^ x 

/, = 80,000 inch lbs. 
Therefore maximum compressive stress due to bending = 

80,000 ^ (-187 X 14 X 122) ^ 212 lbs. per square inch, 

and the total compressive stress is 436 lbs. per square 

inch. 

If the column was made 13 in. X 13 in., the direct stress would 
be increased by about 20 per cent, and the stress due to bending 
still more, so that the total stress would be well over 500 lbs. 
per square inch. Without going to half -inches then, a 14-in. 
column is the smallest which will fulfil the conditions. 

Example 12. — Referring to the previous example determine the 

amount of reinforcement required to bring a 13-in. S(piare column 

up to the required strength. 

14- 
The direct compression is approximately y^ X 224 = 260 lbs. 

per square inch. Therefore the maximum compressive stress due to 
bending must not exceed 240 lbs. per square inch. 

/: X 13 X IP X 240 = 80,000 

.-. h = -21 
corresponding to IJ per cent, of reinforcement (Fig. 15). 
IJ per cent, of 13 x 11 = 2-14 sq. in., say (4) § in. diameter bars. 

The amount of bending assumed in this example is equivalent 
to an eccentricity of the whole load of 1*6 in., and the stress due 
to bending is nearly half the working stress. This shows the 
serious effect of quite a small amount of initial curvature in 
a column or eccentricity of loading. On the other hand 
Example 11 illustrates the comparatively large increase of 
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strength obtained by increasing a 13-in. sq. column to 14 in. 
X 14 in., and a small increase in the section is, therefore, all 
that is necessary to allow for inaccuracies of workmanship or 
a small deviation of the load from the centre line. 

The ground floor of warehouses and goods sheds constructed 
for railway purposes has generally to be laid out with lines of 
rails, decks and roadways, and the accommodation of these 
and the necessary turntables and cranes restricts within 
narrow limits the possible positions of the columns carrying 
the upper floors, and entails the use of beams of considerable 
span. This fact, added to the heavy live loads which have to 
be provided for in designing floors to be used for storage 
purposes, often makes it very difficult to plan a building which 
can be satisfactorily constructed in reinforced concrete. 

The difficulty has been overcome either by using steel for 
the main girders and stanchions, and reinforced concrete for 
the secondary beams and floor slabs, or by very heavily 
reinforcing the concrete, for instance, with a riveted steel 
skeleton properly designed to resist all the tensile and a pro- 
portion of the compressive stresses. The Trafalgar Goods 
Warehouse, Newcastle-on-Tyne, illustrated in Fig. 43, is an 
example of the successful construction of long span, heavily 
loaded beams in reinforced concrete. One of the difficulties 
met with in long buildings constructed entirely of reinforced 
concrete has been the tendency of the thin walls to crack, and 
the recommendation has been made that the supports and 
floors should be built as a monolith, and the walls filled in 
with brickwork, independent concrete panels, or other suitable 
material. 

There is a fine example of a reinforced concrete goods station 
and warehouse at New Bridge Street, Newcastle, on the North 
Eastern Eailway Company's system, constructed of Hennebique 
ferro-concrete. This is shown in outline in the section. 
Fig. 43. The floor at rail level is carried on five longitudinal 
rows of columns of reinforced concrete and two longitudinal 
abutments of ordinary concrete, dividing it into six bays, of 
which the greatest is 35 ft. wide. The span of the longi- 
tudinal beams is about 32 ft. 8 in., spaced from 5 to 8 ft. 
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apart. This floor is designed to carry a dead load of 3 cwt. 
per square foot and a super load of the same amount, except 
where rails occur, when the moving load consists of 76-ton 
locomotives. 

Some of the columns carrying this floor also support 
runwaj's for travelling cranes serving the platforms and lines 
in the basement beneath. The largest of these columns, 
designed to carry a load of 1,105 tons, is 30 in. square, and 
the base is 12 ft. 6 in. square. The sizes of the principal 
beams are shown on the section. 

The floor above is carried on the side walls and three longi- 
tudinal rows of columns, dividing the building into four bays, 
the two inside bays being 52 ft. wide, and the two outside 
36 ft. 10 in. wide. The transverse beams carrying this floor 
have arched soflSts. They are about 3 ft. deep at the centre, 
and are designed to carry a load of 400 tons each. Travelling 
cranes work in the two middle bays supported on longitudinal 
reinforced concrete beams. The span of the longitudinal 
floor beams is about 32 ft. 8 in. : they are spaced about 
7 ft. 6 in. apart centre to centre, and are 11 in. wide by 31 in. 
total depth. The floor slab is 5 in. thick, the floor being 
designed to carry a super load of 3 cwt. per square foot. The 
roof is of timber. 

Fig. 44 is a cross section of Goods Shed No. 1 at the Great 
Western Railway Bristol Dock, Canons Marsh. This is also 
constructed of Hennebique ferro-concrete, from the original 
plans of Mr. W. W. Squire. The foundation is on ferro- 
concrete piles, carried down about 40 ft. below the normal 
water level in the harbour. The first floor and the flat roof 
are designed to carry a super load of 3 cwt. per square foot. 
A travelling crane runs along the side of the roof nearest to 
the quay wall. The spans and sizes of the beams and the 
sizes of the columns are shown on the drawing. 

Jetties and Gantries. 

The King's Dock, Swansea, presents numerous examples of 
reinforced concrete construction for railway purposes. On 
the north side the Great Western Railway Company have the 
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use of a reinforced concrete qtiay 750 ft. long, with tip jetties 
and high level viaducts. 

The reinforced concrete quay on the south side, which is 
1,100 ft. in length, is shared by the Midland Railway, the 
Swansea Harbour Trust, and the Rhondda and Swansea Bay 
Railway. The late Mr. P. W. Meik, M.I.C.E., and Mr. A. 0. 
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Fig. 45. — King's Dock, Swansea. 



Schenli, M.I.C.E., acting on behalf of the Swansea Harbour 
Trust, were the engineers for this work, which is carried out 
in Hennebique ferro-concrete. A typical section showing the 
construction of the quays is reproduced in Fig. 45. The 
height from the dock bottom to the quay level is 41 ft. The 
width of the quays generally is about 56 ft., and the jetties 
project into the dock by about the same amount. Timber 
fenders are fixed along the front of the quay and round the 
jetties. 
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The gantries for carrying away at the high level the empty 
trucks from the coal hoists fixed along the south quay of the 
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Fig. 46. — Coal Gantry, Immingliam Dook. 

Great Central Railway Company's Immingham Dock are 
constructed in Hennebique ferro-concrete. One of these gan- 
tries is shown in Figs. 46 — 47. 
This is No. 7 gantry (there are 
eight in all), and is worked with 
a movable hoist. The gantry 
carries two tracks, one by which 
the full waggons arrive from the 
gravity sidings and the other by 
which the empties are returned 
by gravitation under the high 
level serving roads to the empty 
storage sidings. The width be- 
tween the parapets is increased 
at the back to accommodate the 
,^ r. . r. . ^ . turntable on the full waggon 

Fig. 47.— Coal Gantry, Immine- ;, , . ,. f^^ 

ham Dock. ^^^^ shown in section A B. 

The longest main girders are 
about 40 ft. span, and the longest cross girders the same 
length. The foundation consists of 14-in. square piles 




Cross Section on Line C. D. 
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arranged in pairs under each column. The floor is designed 
to carry 30-ton (total weight) four-wheeled waggons, 19 ft. in 
length over buffers, with a 9-ft. wheel base, but the turn- 
table and traverser will accommodate longer waggons than 
these. 



CHAPTER V 

foundations and rafts 

Piles. 

The suitability of concrete for works below ground level 
has long been established. In some cases the function of 
such works is to transmit the load in the most economical 
manner down to a firm foundation, and in other cases to 
sufficiently distribute the load over an indifferent foundation. 
For the carrying out of both of these purposes the substitu- 
tion of reinforced concrete for plain mass concrete frequently 
results in a stronger, lighter, and more economical structure. 

Reinforced concrete piles are sometimes used in place of 
wooden piles when the advantage of greater permanence justi- 
fies the increased first cost, or the circumstances are such that 
timber would not be a suitable material to use. The founda- 
tions of railway structures built on a recently-tipped bank can 
very conveniently be carried down to the 'natural ground by 
means of reinforced concrete construction. If the bank has 
already been tipped, piles provide the most ready means of 
reaching firm ground, and as a situation of this sort is very 
likely to be alternately wet and dry, timber is not a desirable 
material to use. 

The station buildings at the new Stonebridge Park Station, 
which is built on a newly-tipped bank, are founded upon piles 
in this way, the heads of the piles being connected together 
transversely by tie rods surrounded by concrete passing under 
the permanent way. 

It will be noticed that many of the buildings and bridges 
illustrated in the previous and subsequent chapters are 
founded on piles of reinforced concrete, and the necessity of 
providing rigid foundations for structures of a monolithic 
character, particularly those in which advantage is taken of 
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the increased strength resulting from the continuity of adjoin- 
ing members, is obvious. 

The piles most commonly used are of square section, varying 
from 10 in. X 10 in. to 14 in. X 14 in., reinforced with four 
or sometimes eight longitudinal rods and transverse links or 
wrappings. These are spaced closer together at the ends, 
where they may be, for instance, 3 or 4 in. apart, than at the 
middle, where the spacing may be from 6 to 10 in. The 
diameter of the wire used for bracing is generally about x| in. 
or J in. In one system, practised by Messrs. D. G. Somer- 
ville & Co., two wires of about J in. diameter are twisted 
together with tourniquets, thus causing the lateral bracing to 





Fig. 49. 



Sections of Pile. 



Fig. 50. 



tightly grip the main rods. By the addition of diagonal links 
at intervals the complete reinforcement is given such rigidity 
that it can readily be moved about and lowered into the 
moulds without displacing any of the members. Fig. 49 
shows the wire as first wound somewhat slackly, and Fig. 50 
shows the lateral bracing as it appears when the wires have 
been twisted together. 

The proportion of the longitudinal reinforcement depends 
largely on the length, and the stresses produced in the pile by 
its own weight when acting as a beam during lifting will need 
to be considered. These stresses are minimised by slinging 
the piles at points about one-third of the length from the top 
end. As a rule, the proportion of the longitudinal reinforce- 
ment will not be less than 1 per cent, of the cross sectional 



FOUNDATIONS AND RAFTS 83 

area. In some special piles the reinforcement takes the form 
of a rolled steel joist or four angles braced together. Others 
are of circular form with rods arranged round the circum- 
ference. Sheet piles are constructed of rectangular form with 
perhaps six rods, one near each corner and one near the 
middle of each of the longer sides. 

The concrete for piles is often a richer mixture than would 
be used for beams or floors, as there is a large amount of 
surface compared with the volume, and the material is sub- 
jected, during driving, to considerable shock. One part of 
cement, one and a half parts of sand, and three parts of the 
aggregate for the middle part of the pile, with 
a somewhat smaller proportion of aggregate 
near the ends represents not uncommon prac- 
tice in this respect. Pile shoes commonly 
employed are very similar to those used for 
wooden piles, with the exception that the straps 
are turned into the concrete, and a reeesa is 
provided in the base for housing the ends of 
the rods. A common form is shown in Fig. 61. 

One of the difficulties in connection with 
reinforced concrete piles arises from the time 
required for maturing before they can be safely ^°' g^^ ^ ^ 
handled or driven. This period must be at 
least from 3 to 4 weeks, while the piles themselves under 
ordinary circumstances require some little time for con- 
struction. As these members are generally required right at 
the commencement of the work of which they form a part, the 
delay which would be caused by the use of reinforced concrete 
piles not infrequently constitutes a serious objection to their 
use. At present reinforced concrete piles are not in such 
general demand as to warrant manufacturers holding stocks 
of them, apart from the difficulty occasioned by the variation 
in the lengths required. 

Except under very favourable circumstances the cost of 
reinforced concrete piles averages from 8s. to 9s. per cube 
foot, including driving, rather more for small piles, rather 
less for larger ones. An average price for wooden piles. 
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including driving, is from 4s. to 5s. per cube foot, so that the 
increased cost of the more permanent construction is con- 
siderable. In certain cases where the piles are driven down 
to rock or other hard foundation, somewhat greater loads 
might be put upon them if the material is reinforced concrete 
instead of timber, but in cases where the load carrying 
capacity of the pile depends largely upon friction, reinforced 
concrete has not this advantage. It is interesting to note 
here that a pile of circular section offers considerably less 
surface than one of square section possessing the same cross 
sectional area. A circular pile should therefore be easier to 
drive, but under some circumstances might not be capable of 
carrying so great a load as a square pile. 

The cost of an ordinary cement concrete foundation, not rein- 
forced, including excavation, of fair depth, may be taken at 19s. 
per cube yard, that is about one-twelfth of the cost, volume 
for volume, of reinforced concrete piles, including driving. 
Therefore for the same money that two 12 in. X 12 in. piles 
would cost, a concrete pier 24 sq. ft. in section, or, say, 
8 ft. X 3 ft., could be provided, which would carry as great a 
load as the two piles, if a very good foundation were obtainable 
at a reasonable depth below the surface. 

Piers. 

Fig. 52 shows an example of a foundation to a goods yard 
warehouse built upon a tipped bank from 10 to 20 ft. in 
height. The piers were constructed before the bank was 
tipped, and are practically of plain mass concrete, as there 
are only four light rods in each pier. The walls of the ware- 
house, which is 200 ft. long, are built upon reinforced concrete 
beams supported by these piers. The under side of the beams 
coincides with the formation level of the bank, and the only 
shuttering required for their construction consisted of side- 
boards. The intentions with regard to the building having 
been altered after the piers were put in, it became necessary 
to design the beams for somewhat heavy loads, amounting 
approximately to 28 tons distributed over a 10-ft. span. The 
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beams are 2 ft. in depth and 1 ft. 10^ in. in width. The 
longitudinal reinforcement consists principally of I in. diameter 
rods, arranged as shown in Fig. 52. The transverse rods are 
f in. diameter, and there are two rods of this size running 
longitudinally at the neutral axis of the beam, provided with a 
view to further prevent the opening up of cracks likely to 
occur in beams of this length. The f -in. diameter rods near 
the top of the beams are joined and overlapped where neces- 
sary at the middle of the spans. Those near the bottom of 
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Fig. 52. — Foundation for Warehouse on Bank. 

the beams are joined and overlapped where necessary over 
the piers. 

Another example of a reinforced concrete foundation is 
shown in Fig. 53. The portion included in the illustration 
supports part of the extension of an engine shed at Imming- 
ham, Great Central Eailway. Here not only the walls but 
the whole floor is carried on a stiffened slab of concrete and 
buttressed piers of the same material. The reinforcement 
consists of Kahn Trussed and Kib Bars disposed as shown 
in the illustration. 
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Spread Foundations to Piers. 

The design of a spread foundation or raft is attended with 
rather more difficulty than the previous cases, because of the 
unknown variation in the intensity of the earth pressure 
which causes the principal stresses in such a foundation. A 
railway sleeper, strictly speaking, presents a case of this sort, 
which is considered somewhat fully in Chapter IX. The 
results there obtained are sufficient to show that very little 
error is introduced in the case of a symmetrical structure by 
assuming the earth pressure on the underside to be uniformly 
distributed over the whole area, and as regards the strength of 
the structure itself this error is on the side of additional 
safety. 

In determining the required area, however, of a large spread 
foundation, from the total load and the known safe pressure 
for the particular soil built upon, it should be borne in mind 
that the maximum pressure must exceed the average pressure 
by a varying amount, which, in the case of the wooden sleeper 
considered in Chapter IX., is found to be 10 per cent. 

The spread foundation to a wall or a pier of some length 
presents perhaps the simplest case, because consideration of 
the principal stresses may be confined to a plane section such 
as that shown in Fig. 54. If h is the width of the wall in 
inches, B the width of the foundation in inches, and W^^the 
load in pounds per lineal foot on the foundation, the earth 

12 W 

pressure on the under side may be assumed to be -^ lbs. 

per square foot. Considering a 1-ft. length of the wall 
the maximum shear which occurs at sections AA' and CC is 
equal to 

— ^ X ^ lbs., 

and the maximum bending moment which occurs at the centre 
of the foundation is equal to 

The variation in the shear and bending moment is readily 
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obtained by graphic integration of the load diagram, Fig. 54. 
The shear and bending moment diagrams are shown below. 
The thickness of concrete required and the amount of rein- 
forcement can then be obtained in the same way as for slab 
floors. 

In the case of a wall 1 ft. 6 in. thick carrying at ground 
level 6 tons per lineal foot, a foundation 6 ft. wide will 
distribute the load so that the average pressure does not 

exceed 1 ton per square foot. The maximum shear is ^^ ^ 

X =^ — = 5,040 lbs. per lineal foot. The maximum 

bending moment is ^^^ (72 - 18) = 90,700 in. lbs. per 

o 

lineal foot. In order that the working stresses may be 500 lbs. 

per square inch compression for concrete and 14,500 lbs. per 

square inch tension for steel, the percentage of reinforcement 

must be '6 per cent., and the expression determining the 

moment of resistance is then 

•15 X 12 X ^2 X 500 in. lbs. See p. 23. 

This is equal to 90,700 in. lbs., the maximum bending moment, 
when d = 10 in. The overall depth will need to be 12 in., and 
the area of reinforcement required is ''006 X 10 X 12 = '72 
sq. in. per lineal foot of wall ; f th in. diameter rods spaced 
5 in. apart between centres will secure this amount. The 
maximum intensity of shear stress is 

'Q y in y 19 ~ ^^ ^^^' P®^ square inch. See p. 43, 

a sufficiently high value to make it advisable to provide some 
shear reinforcement. 

As the maximum shear occurs within such short distances 
from the maximum bending moment it is not practicable to turn 
up any of the rods provided to resist bending stresses. If 
sufficient steel is to be provided to resist the whole of the 
tension component of the shear stress the area required will be 

5,040 _ . r w i. 

1-41 X 12,000 ^ ^^' ^^' P®^ ^^ ' 

where 12,000 is the working shear resistance of the steel in 
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lbs. per square inch andl'41 or ^2 the factor which allows for 
the increased value of the metal when inclined at 45 deg. as 
shown in Fig. 54. If the bent rods are attached to every 
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Fig. 54. — Wall or Pier Foundation. 

other one of the straight rods that is spaced 10 in. apart, the 
area of each should be '25 sq. in. ; although f th in. diameter rods 
l)ave a rather greater area than this ('30 sq. in.), j in. diameter 
rods would be too small, and there is an advantage in keeping 
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all the bars of one size. Some longitudinal reinforcement will 
be required to link up the transverse units and resist stresses 
due to inequalities in the upward pressure. Four of these, 
f th in. in diameter should be ample for this purpose. 
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Column Foundations. 

The case of a column foundation is complicated because the 
stresses are not confined to one direction but radiate in all 

directions to and from the centre. 
In some designs the principle 
embodied in the familiar steel- 
joist grillage is followed, and the 
load from the column is first 
distributed in one direction by 
means of a beam and subse- 
quently to the slab upon which 
this beam rests. More frequently 
the foundation consists of a plain 
slab only, as shown in plan and 
elevation in Fig. 56. If such 
a foundation failed under exces- 
sive upward bending action the 
manner of failure would almost 
inevitably be the breaking off of 
one or more corners because on 
the sections thus exposed the 
bending moment would be a 
maximum and the moment of resistance a minimum. There 
would appear to be an advantage then in laying the reinforcing 
rods diagonally, or better still radially, if this was not imprac- 
ticable, because of the number of rods that would have to 
cross one another at the centre, but, as in the similar case of 
a square slab floor supported on four sides, this is seldom 
done in practice on account of the inconvenience of providing 
the rods of many different lengths. 

The simplest example of a column foundation from a 
theoretical point of view is a circular column resting on a 




Fig. bb. — Circular Column 
Foundation. 
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circular base as in Fig. 55. The base could then be divided up 
into any number of similar cantilevers which in plan increase 
in width towards the free ends as shown by the radial lines in 
Fig. 55. 

Looking at the sectional elevation, Fig. 55, these cantilevers 
when stressed assume the form shown to an exaggerated 
extent by the dotted lines and the lower edge of the founda- 
tion, and similarly the circumference of any concentric circle 
traced on the under side of the slab increases in length. The 
length of the top edge is similarly compressed. It is evident, 
therefore, that the strength of the slab is increased, firstly by 
the resistance offered to these changes in circumferential 
length, secondly by the frictional resistance between the 
concrete and the earth upon which it rests, and thirdly 
because the upward pressure, instead of being uniformly dis- 
tributed as assumed, diminishes towards the outer edges 
where its effect is greatest. These factors make it very difficult 
to accurately determine the stresses in a plain slab foundation, 
but some approximation can be made with regard to the effect 
of the circumferential stresses upon the strength of the 
foundation and the magnitude of these stresses. 

If IV is the load in lbs. per square inch spread over the 
foundation sketched in Fig. 55, and CDE is a segment of the 
circular base including an angle 6 radians, the total upward 
pressure on the portion ABDE = \ {R^ — r'^) iv, and the 
bending moment on a vertical section represented in plan by 
the line AB iq approximately 

I (E^ - r2) dw X ^^-^' = i div {K^ - ;-2) {R - r). 

Let /be the maximum radial extreme fibre stress at AB, and 
Cf the average value of the circumferential extreme fibre 
stress along BD or AE, then the moment of the resistance 
offered to the upward bending moment on AB is 

i rOd^f +Uli - r) cm X 2 sin I ; 

when 6 is small this becomes 



n REINFORCED CONCRETE RAILWAY STRUCTURES 



This is assuming that the foundation slah is of uniform 
depth, d, throughout. The value of the constant C depends 




Fig. 56. — Square Column Foundation. 

Upon the variation in the circumferential stress. If it was 
possible for the maximum or skin stress along any radius to 
have a uniform value/from the centre to the circumference, 
and the radius x of any concentric circle was increased or 
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decreased by an amount S in consequence of this stress, / 

could be written E -, which is the same as E ^ — . ^ — 

is the circumferential strain, and, therefore, under the 
supposed conditions, the circumferential stress is everywhere 
the same as the radial stress. The bending moment on 
sections such as AB,FG, &c., can readily be calculated, and the 
variation from the centre to the circumference is such, that, 
taking into consideration the usual practice of decreasing the 




Fig. 57. — Radial and Circumferential Stress. 



depth of the slab towards the edges, the value of the maximum 
radial stress approximately follows the ordinates of a parabola 
with its axis vertical and its apex at the extreme edge of the 
slab, as shown in Fig. 57. Under these conditions the 
circumferential stress varies according to the ordinates of the 
dotted curve in the same figure, and taking into consideration 
the decreased depth at the edges the value of the constant C 
in the formula may without appreciable error be written 
as '5. This formula then becomes : — 

Moment of resistance = i ( — ^ — 1 0d% d being the depth 



=*( 
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(II + r 
of the foundation at the section considered and ( — ^ ) 6 the 

average width of the portion of the cantilever beyond this 
section. 

This result, although only approximate, appears reasonable, 
and, in the case when the forces on half the base are 
considered, is equivalent to assuming the maximum bending 
stresses on the cross section through the centre of the 
foundation as constant throughout the portion of the 
foundation immediately under the column, and decreasing 
uniformly in either direction to zero at the edge of the 
foundation. 

In the case of a square column terminating in a square 
slab the form of the base lends itself to division into four 
cantilevers as shown in Fig. 56, and consideration of an 
actual example presents the readiest means of explaining the 
method of proceeding with the design. 

The load on the column is 36 tons, and the safe bearing 
pressure of the earth 1 ton per square foot. The section of 
the column is 12 in. square, and the base will need to be 
6 ft. sq. Working stresses : 500 lbs. per square inch com- 
pression for concrete, 14,500 lbs. per square inch tension for 
steel. In determining the upward bending moment on a 
section of the base represented in plan by the side of the 
column AB, the total pressure acting on the under side of 
the trapezium ABDE can, without practical error, be 
assessed at 9 tons, or 20,160 lbs. acting at the centre of 
gravity of the triangle CDE. 

Bending Moment on AB = 20,160 (24 - 6) 

say 363,000 in. lbs. 

12-4- 72 
The moment of resistance -15 X "^ X cP X 500 

reaches this value when d^ = 115 or d = lOf in. 

The area of reinforcement required per foot 

= -006 X 12 X 10-75. 
= '77 sq. in. 
^|th in. diameter rods 8 in. apart will obtain this result. 
To allow for these rods crossing one another at right angles. 
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about 3 in. should be added to the effective depth, making 
a total of, say, 14 in. Theoretically, the foundation 
would be sufficiently strong if this was decreased to just 
the 3 in. at the edges, but in practice this would certainly 
be increased to 6 in., and generally rather more. 

The maximum shear stress will occui* under the sides of the 
column ABFG in 'Fig. 56. The total shear is 35 tons or 
78,400 lbs., and the area resisting this 4 X 12 X 14 = 672 sq. in. 
This intensity of shear stress amounting to 117 lbs. per square 
inch is too high for the concrete to resist unaided, and steel 
should be provided to take about three quarters of the total or 
58,800 lbs. If the working shear stress for steel is taken at 
11,000 lbs. per square inch (about three quarters of the figure 
for tension), and the shear reinforcement is inclined at 45 deg. 

so as to increase its efficiency in the ratio of \/2 : 1 the total 

area of steel required is 

58,800 
7= = 3*8 sq. m., 

11,000 X \/2 ^ 

or '95 sq. in. to each side of the square. Two f in. 
diameter rods would only provide '88 sq. in., and it will be 
more convenient to use rods of the same size as the main 
reinforcement, namely ^th in. in diameter, the area of two 
of which is 1*04 sq. in. 

If the horizontal shear were constant throughout, these 
turned up rods would have to be repeated at intervals equal 
to the depth of the slab. Taking into account the diminishing 
depth of the slab towards the edges, the first of these addi- 
tional rods would occur at distances of 12 in. from the side 
of the columns, and in plan their middle points would lie on 
the sides of a square 3 ft. each way. The total shear on the 
section indicated by the lines of this square is (6^ - 3^) tons, 
or 56,000 lbs. The total area of the section is 4 X 36 X 12 = 
1,728 sq. in., and the intensity of the shear stress is therefore 
32*4 lbs. per square inch. No further shear reinforcement is 
required therefore, as the concrete is quite capable of 
resisting the stress unaided. The complete reinforcement is 
shown in plan and in sectional elevation in Fig. 56. In the 
trapezium ABIDE, for instance, the bars at right angles 
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to AB chiefly resist the radial tensile stresses, and the bars 

parallel to AB chiefly resist the circumferential tensile 

stresses. In the neighbourhood of the diagonals, however, 

both radial and circumferential tensile stresses are resisted by 

the framework formed by the intersection of the two sets 

of bars. 

Rafts. 

In another type of spread foundation the complete structure 
may be built on one raft. An exaniple of this construction 
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Fig. 58.— Eaft. 

is seen in Fig. 58, which shows the details of the raft upon 
which one of the bridges of the Swansea District Lines, Great 
Western Railway, is built. This is a bridge over a road of 
about 12-ft. span, and the raft passes under the road from 
one to the other abutment. The abutments themselves are 
built on a solid bed of concrete 2 ft. 6 in. deep, but under 
the road the raft assumes the form of a series of inverted tee 
beams 2 ft. 6 in. deep, by 12 in. wide, and spaced about 
3 ft. 3 in. apart between centres. The thickness of the 
continuous bottom slab is 9 in. Each main beam is rein- 
forced with four 1-in. Kahn Bars. The slab is reinforced 
in a transverse direction with |-in. Kahn Bars spaced 12 in. 
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apart between centres. If such a raft is assumed to distribute 
the load uniformly over the whole foundation, the stresses are 
readily determined in the same way as for a bridge carrying 
the game uniform load. The uniform upward pressure takes 




Fig. 59. — Longitudinal Section of Culvei*t. 

the place of the uniform load, and the loads transferred to the 
raft from the abutments supply the reactions. 

Underground Subways. 

In any structure of considerable length subject to other than 
uniform loading, dangerous stresses are likely to be set up 
owing to differences between 
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the distribution of the load and 
the upward pressure, unless 
the foundation is particularly 
rigid as, for instance, in the 
case of a rock foundation. 
Long culverts or subways con- 
structed of mass concrete 
through high embankments, 
which are much more heavily 
loaded at the middle where 
the bank reaches its full height, 
than at the ends situated near 

the feet of the slopes, have not infrequently been found 
to develop cracks, which are in all probability due to this 
cause. Fig. 59 illustrates a case in point of a concrete 
culvert 156 ft. in length, and carrying about twice as much 
load at the middle as at the ends ; and although one abutment 
is 12 ft. in depth and the other abutment 15 ft. in depth, 
extensive cracks appeared at the bottom of these near the 
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middle of the length before the bank had quite been tipped to 
its full height of 15 ft. above the top of the arch. The gravel 
bed upon which the foundations rest overlays a considerable 
depth of soft chalk, as shown in Fig. 60, and the more heavily 
loaded portion of the culvert at the centre in all probability 
settled more than the end portions because the bearing area 
is practically of constant width throughout the whole length. 

The resistance offered by the structure to the bending 
produced by this unequal settlement distributes the load more 
uniformly over the whole foundation to such an extent that 
the moment of the resistance equals the nett moment of the 
load and the upward pressure. Unless the actual amount of 
settlement can be ascertained at various points it is not 
possible to determine the stresses, but in the present case, if 
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Fig. 61. — Pressure Diagram. 

the settlement at the centre was only a quarter of an inch more 
than at the ends, the distribution of the upward pressure 
would be approximately as shown by the curved line in 
Fig. 61, and the maximum tensile stress at the bottom and at 
the middle of the abutments would be about 13*3 tons per 
square foot or 200 lbs. per square inch, and quite sufficient to 
account for the cracks which occurred here. The structure 
described is practically in the same condition as a ship 
subjected to a ** sagging '' moment. In a case of this sort 
three or four old rails laid longitudinally at the bottom of each 
abutment, and properly fished or lapped at the joints, would 
probably prevent cracking, but it is certainly preferable when 
building a monolithic structure on a yielding foundation 
to endeavour to proportion the bearing area so that the 
pressure on the foundation is of uniform intensity. Only light 
reinforcement would then be required to prevent the opening 
up of small cracks due to local inequalities of settlement. 



CHAPTER VI 

t 

retaining walls 

Advantages of Eeinforced Concrete Construction. 

One of the difficulties experienced in the construction of 
retaining walls of concrete, not reinforced, is the common 
occurrence of cracks and the difficulty of preventing these, 
especially in walls of any length. Such expedients as dividing 
the length of a wall into sections, separated at the face by a 
yielding material such as pitch, or embedding old rails in the 
concrete, have been tried with fair success. The use of rein- 
forcement is able to do much more than merely prevent the 
formation of cracks, however, and a concrete wall if properly 
reinforced and provided with an adequate base may be very 
considerably reduced in thickness and still retain sufficient 
stability and strength to resist the pressure of the earth 
retained. Advantages claimed for retaining walls of reinforced 
concrete are, therefore, the absence of cracks and the lightness 
of the construction; and a third claim is added that the use of this 
material results in considerable economy ; but it is somewhat 
doubtful whether this third claim is realised to any great 
extent in practice. It is true the volume of concrete required 
is greatly reduced, but the cost of shuttering is increased and 
also the cost per cube yard of the concrete. The cost of the 
reinforcement runs away with a large part of the saving 
effected by the reduction in bulk of the concrete. 

Earth Pressure. 

It is generally admitted that Eankine's values for the 
lateral earth pressure on retaining walls are too high. In fact, 
most of the walls designed by the rules of thumb in common 
use in practice, if examined on the basis of Rankine's values, 

H 2 
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would be found to be unstable. Rankine's analysis takes no 
account of the friction between the earth and the back of the 
wall as a factor tending to prevent overturning, and although 
the value of this factor cannot be exactly determined it is quite 
safe to allow for some additional stability due to this friction. 
Another method which is coming into use is to determine the 
maximum reaction which would have to be exerted by the 
wall to prevent the earth slipping on any plane steeper than 
the angle of repose. 

In Fig. 62 EAB represents the angle of repose ^, 
and AC any steeper plane making an angle with the 





Fig. 62. — Earth Pressure on Eetainiiig Wall. 

horizontal along which it is assumed slipping would occur 
but for the resistance offered by the wall. The forces keeping 
the wedge of earth ACD in equilibrium are its weight IT, 
shown as concentrated at the centre of gravity, the resultant 
reaction, K, of the plane AC inclined at an angle ^ to the 
normal to the plane, and the resultant reaction, P, of the wall, 
inclined at an unknown angle /3 to the normal to the wall. On 
the analogy of fluid pressure this force P is assumed to act at a 
point one third of the height of the wall from the base. In 
the case of a very rough wall it is not unreasonable to assume /3 
equal to (j> the angle of repose, and this assumption is frequently 
made. The minimum value of the coefficient of friction for 
earth oh a masonry or concrete surface is probably about '33 
or tan 18 deg. and if 13 is taken as 18 deg. any error introduced 
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will be on the safe side. By the side of Fig. 62 is shown the 
triangle of forces FGH in which FG represents the weight, 
GH the required pressure on the wall and HF the reaction of 
the plane along which slipping is prevented. The angle FGH is 
90 deg. — /3, taken here as 72 deg. The angle GFH is ^ — </>. The 
value of P, or GH, depends then on the weight of earth and this 
angle — (j). While — <!> increases of course as increases, 
the weight of earth decreases, and the simplest way of deter- 
mining for which value of the pressure P will have a maximum 
value is to draw the triangle of forces corresponding to gradually 
increasing angles and plot the results on squared paper. 
From this plot, the angle of corresponding to the maximum 
pressure, and the value of this pressure, can be determined 
with sufficient accuracy for all practical purposes. 

With wet earth or wet sand, for which the angle of repose 
may be taken as about 22 deg., tha maximum pressure is 
obtained when is 50 deg., and its value per foot run of wall 
in terms of w the weight per cubic foot of the earth and h 
the height of the wall is '20 wh^ 

With dry earth or dry clay for which the angle of repose 

is about 30 deg., the maximum pressure is obtained when = 

55 deg. and its value is 

•15 wh\ 

With gravel or stiff clay the angle of repose is about 45 deg., 

and the maximum pressure is obtained when ^ = 66 deg. and 

its value is 

•09 ivh\ 

These figures have been calculated on the assumption that the 
surface of the ground retained is level with the top of the wall. 

When the wall to be designed is surcharged the value of the 
maximum pressure can be determined in the same way to suit 
the particular condition of surcharge. 

It is a very common practice with walls of brickwork or 
mass concrete to make the thickness at the bottom equal to 
one third of the height, unless the earth to be retained is very 
poor and likely to exert excessive pressure, in which case the 
thickness may be somewhat increased. Such a wall is shown 
in Fig. 63. It is 20 ft. high above the concrete foundation, 
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and its thickness at the top of the footings is 6 ft., which is 
just one third of the height above this point. In the most 




Fig. 63.— Stability of Eetainiug Wall. 

general case the angle of repose will be about 30 degs. and the 
total earth pressure per lineal foot of wall 

= -15 X 120 X 202 
= 7,200 lbs. 

The weight of the wall and its foundation per lineal foot is 
estimated at 16,200 lbs. The resultant of these two forces is 
shown on the diagram, and it will be noticed that at the bottom 
of the wall it lies just outside the middle third of the thickness. 
Such a wall as this is known to he qwite stable under general 
conditions, and it would therefore ajyjiear reasonable to 2>roportion 
the parts of reinforced concrete walls in accordance witJt these 
estimated values of the lateral earth pressure. 
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Walls with Counterforts. 

Types of reinforced concrete retaining walls are shown in 
Figs. 64 and 70. These are 20 ft. in height above the 
base in each case. The eounterforts in Fig. 64 are 12 ft. apart 
and designed as cantilevers, and the wails between them are 
designed as beams with fixed ends. The surface of the ground 
is level with the top of the wall, 
and if the angle of repose of the 
earth is taken as 30 degs., and 
its weight 120 lbs. per cube foot, 
the total pressure on the wall 
per foot run is 
■15 X 120 X 20^ = 7,200 lbs. 



t 



inclined at an angle of 18 degs. 

with the normal to the wall, "q: 

If this is resolved into two com- 3 

poneuts, normal and parallel \ 

to the wall respectively, the I 
normal component is 7,200 cos. 

18 degs. = 6,850 lbs. | 

The average normal pressure j 

per square foot is therefore t^ — - 

6850 -^ 20 = 343 lbs., and as '"■'--- 
the maximum pressure at the 

bottom of the wall is twice pi^. ei.-WalWithCoimterfort. 
the average it is 685 lbs. per 

square foot. It is interesting to note that the vtaximum 
pressure under the same conditions, as determined by Ran/dne's 
formula, is 



120 X 20 X 1^ 



- sin 30 degs. 



1 + sin 8 
— 800 lbs. per square foot. 
This pressure of 685 lbs. per square foot at the bottom of 
the wall is reduced by 34-3 lbs. per square foot for each foot 
of Jieight and becomes zero at the top. 
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Calculations for the wall as a beam with fixed ends, follow : — 

Working stresses : — Compression in concrete 500 lbs. per 

square inch. 
Tension in steel 14,500 lbs. per square 
inch. 
At the bottom : — 

Span = 12 ft. = 144 in. 
Width considered, 12 in. 
Total pressure 685 X 12' = 8,220 lbs. 

Maximum bending moment r^r = 98,640 in. lbs. 

Moment of resistance = '15 X 12 X rf^ X 500. 
This is equal to 98,640 in. lbs. when d = 10*5 in. 
Reinforcement required, '6 per cent = '006 X 12 X 

10*5 = '75 square inches per foot. 
For instance, ^ in. diameter rods, 4 in. pitch. 

Note. — Near the bottom the wall receives considerable lateral 
support front the base, and in some designs the rods are spaced 
further apart right at the bottom than they are a little higher vp. 

15 feet from the top : — 

Total pressure, 514 X 12 = 6,168 lbs. 

nvr • u ^- ^ 6168 X 144 
Maximum bendmg moment = ij-^ . 

= 74,000 in. lbs. 
= -15 X 12 X rf2 X 500. 
d = 9*1 ins. 
Reinforcement, '006 X 12 X 9*1 = '66 sq. in. per foot. 
For instance, ^ in. diameter rods, 4J in. pitch. 

10 feet from the top : — 

Total pressure, 343 X 12 = 4110 lbs. 

4110 X 144 
Maximum bending moment = ^-^ . 

= 49,820 in. lbs. 

= -15 X 12 X d^ X 500. 
d = 7-4 in. 
Reinforcement, '006 X 12 X 7*4 = -53 sq. in. per foot. 
j% in. diameter rods, 5J in. pitch. 
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5 ft. from the top : — 

Total pressure, 171 X 12 = 2,050 lbs. 

2050 X 144 



Maximum bending moment = 



12 



\^S^^ -: 



2V 



/> 



^f^.y 



= 246,000 in. lbs. 

= -15 X 12 X rf^ X 500. 

= 5-2 in. 
Reinforcement, -006 X 12 X 5*2 = -37 sq. in. 
j% in. diameter rods, 8 in. pitch. 

To provide the necessary cover for the reinforcement these 
thicknesses will have to be increased by about two inches. 

It will be noticed that the required 
effective thickness of the wall varies 
with the square root of the bending 
moment ; and therefore with the square 
root of the distance from the top of 
the wall. These thicknesses are shown 
in diagram form in Fig. 65 and follow 
the ordinates of a parabola having its 
apex at the top of the wall. It is 
obviously impossible to vary the thick- 
ness of the wall in this way in practice 
and the difficulty may be got over by 
making the lower half of the wall of 
uniform thickness and tapering the 
top half, or by allowing a somewhat 
greater thickness than is actually 
required at the base and decreasing 
the thickness of the wall uniformly 
throughout. This last method has 
been adopted in the present instance, 
the thickness of the wall near the top 
being 6| in. overall and at the bottom 13 in. overall as shown 
in Fig. 65. Except at the top, the amount of concrete, over 
and above that which is theoretically necessary, is very small. 

The horizontal reinforcing rods at the front face may be 
jointed at the counterforts, and other rods provided at the back 
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Fig. 65. — Theoretical 
Thickness of WaU. 
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td/'arods 
IZ'centres 



/^ dia.rods 



to resist the negative bending at these points due to continuity 
of beam. The length of these should be about '4 times 

the spacing between the 
counterforts or in this case 
5 ft. This is generally 
found to be more satis- 
factory than bending the 
one set of rods from the 
front to the back of the 
wall where the counter- 
forts occur. The stress 
in these short rods is 
developed very quickly, 
so that it is important 
to make their diameter 
sufficiently small to pro- 
vide sufficient surface to 
keep the bond stress 
within working limits. 
With f$r in diameter rods 
the area is "25 sq. in. 
and the maximum tensile 
stress. 

•25 X 14,500 = 3,620 lbs. 

The circumference of a 
^Jj in. diameter rod is 
•177 in. and the length 
in which the maximum stress is developed is 30 in. The 
adhesion required to be developed between the concrete and 
steel is, therefore, 

^0 V 1'77 ~ P^^ square inch. 

The vertical rods shown in Fig. 66 serve a similar purpose 
to the transverse reinforcement in slabs, and help to distribute 
excessive local pressures. They also resist stresses due to 
uneven settlement, and prevent the formation of cracks which 
might otherwise arise from this cause. 




I I 

I I ' 
LI L_I_^ 

I ^ dik rods\ 12 'ce/ftres\\ 



^a dia.rods G^entres 

Fig. 66.— Reinforcement of Wall with 
Counterforts. 
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Design of Base. 

Certain of the dimensions of the wall shown in Fig. 66 have 
to be determined in an arbitrary manner. For instance, the 
width of the projecting toe, the depth of the bottom slab, 
and the total width of the bottom slab, are interdependent 
quantities, and either the first or the last of these three 
dimensions must be assumed before the others can be 
determined. In the present case the projection of the toe 
was made 3 ft., and the thickness of the slab, which cannot be 
exactly determined at this stage, assumed to be 20 in. The 
total amount of earth pressure on a 1 ft. length of the wall is 
7,200 lbs. inclined at an angle of 18 degs. with the horizontal, 
and acting at a point (20 -=- 3) 6 ft. 8 in. from the top of the 
slab, or 8 ft. 4 in. above the bottom of the slab. If the total 
width of the base slab is (3 + x) feet, the weight of the wall 
and earth resting on it, taking concrete and earth all at 120 lbs. 
per cube foot, is approximately 21*7 X x X 120 lbs. = 2600 x 

X 

acting at a distance ^ ft. from the back of the slab. The earth 

pressure may be resolved into a horizontal component 7200 
COS. 18 degs. = 6850 lbs., and a vertical component 7200 sin. 
18 degs. = 2220 lbs. These forces are shown in diagram form 
in Fig. 64, and in order that the wall may be in equilibrium 
the moment of the weight about the one-third point of the base 
marked T in Fig. 64 must be at least equal to the overturning 
moment of the earth pressure about the same point. That is 



2600.^; 



^6-^ - 1) = 6850 X 8-33 + 2220 (^-^ -x + 1 



or X = 7*1 ft., say 7 ft. 1 in. The weight of the concrete toe 
is neglected, and is something to the good in maintaining the 
stability of the structure. The stresses in the base can now be 
determined. 

As the wall is designed to be just stable there will be no 
upward pressure on the base at the back edge C, and the 
maximum pressure at the front edge A will be just twice the 
average. 
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The weight of earth resting on 

a 1 ft. length of the wall is . 20 X 6 X 120 =14,400 lbs. 

The weight of the wall itself is 20 X 8 X 156] , ,^^ ,, 

i/A-i -I /»r^ ^^nl-= 5,100 lbs. 
101 X 1-67 X 156] _J 

19,500 lbs. 

The average pressure on the foundation is, therefore, 
19,500 -=- lO'l = 1930 lbs. per square foot and the maximum 
pressure at A, 3860 lbs. per square foot. At the front of 
the wall the pressure indicated by the shaded diagram in 
Fig. 64 is resisted by the projecting toe acting as a cantilever, 
the effective length of which may be taken as 3*5 ft. At a 

point 3*5 ft. back from the end the pressure = rypr X 3860 = 

2520 lbs. per square foot. The maximum bending moment 
produced at the assumed support of the . cantilever by this 
pressure, of varying intensity, is readily obtained by dividing 
the pressure diagram into a rectangular portion whose ordinate 
is 2520 lbs., and a triangular portion with a maximum ordinate 
of 3860 — 2520 = 1340 lbs. The value of this bending 
moment is — 

i X 2520 X 3-5 X 3.5 = 15400 ft. lbs. = 184,800 in. lbs. 
i X 1340 X 3-5 X § X 3-5 = 5500 ft. lbs. = 66,000 in. lbs. 

250,800 in. lbs. 

Adopting the same working stresses as before, namely, 
500 lbs. per square inch for the maximum compressive stress 
on the concrete, and 14,500 lbs. per square inch for the tensile 
stress in the steel, the moment of resistance can be written 

•15 Xl2xd^X 500 in. lb. 
and this is equal to 250,800 in. lbs. when d = 16*7 in. The 
dimension of 1 ft. 8 in. assumed for the thickness of the 
bottom slab, therefore allows plenty of cover for the transverse 
reinforcement, and the longitudinal rods placed above. The 
latter prevent the opening up of cracks, and resist stresses, 
due to the upward pull exerted by the tension members of the 
counterforts, and uneven settlement. The rods provided for 
this purpose may be f in. in diameter and 12 in. apart. 
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With the working stresses adopted, the transverse reinforce- 
ment will need to be '6 per cent. The area of steel required 
per foot run, therefore, is '006 X 12 X 16-7 = 1*2 sq. in. 
This area is provided by two ^ in. diameter bars spaced 6 in. 
apart, and these are carried right through to the back of 
the slab. 

Design of Counterfort. 

The counterforts which are 12 ft. apart are treated as 
cantilevers of T section. On account of their great depth the 



*0) 



t- - 



r 
I 



f_ Jl 6'jd 



I 

I 

r 



-1 



\N?S.llidl&ro(fs 



J 



• \ 

il 

• I 






I 



Fig. 67. — Section of Cantilever. 



percentage of reinforcement required will be but small, and 
the neutral axis will therefore in all probability lie within the 
slab. The effective width of the slab may be taken as three 
quarters of the distance between the counterforts, that is 9 ft. 
The effective depth, allowing 8 in. from the back of the 
counterfort to the centre of the reinforcement is 6 ft. 10 in. at 
the plane of maximum bending moment where the counter- 
fort joins the base. The effective section of the counterfort at 
this plane is shown in Fig. 67. As the percentage of reinforce- 
ment required will be but small, the stress in the steel will be 
high compared with the compression in the concrete. Under 
these circumstances the moment of resistance of the cantilever 
at the section considered will be determined by the working 
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stress in the steel, and equals A' X 108 X 82 ^ X 14,500. The 
maximum hending moment is 

12 X 6850 X 80 = 6,576,000 in. lbs. 

Therefore K = '00062, and from Fig. 10, the percentage of 

reinforcement will need to be '068 per cent., and the value of 

iljd is -13. The neutral axis is therefore 13 X 82 = 10*7 in. 

from the front of the wall, that is, within the thickness of the 

wall as assumed. '068 per cent, of 108 X 82 = 6*0 sq. in., 

number 5 rods IJ in. in diameter is 6*1 sq. in., and the 

6*0 
stress in the steel will then be ^ X 14,500 = 14,300 lbs. per 

square inch. The arrangement of the five IJ in. diameter rods 

is shown in Fig. 67, and to accommodate these the width of 

the counterfort is made 20 in. 

At a plane halfway up the height of the counterfort the 

82 -I- 15 
effective depth is reduced to — ^ — = 48*5 in., and the 

effective width can only be reasonably assumed to be one half 
of that taken at the bottom, that is 4 ft. 6 in. = 54 in. 
The earth pressure on a 12 ft. length of the wall above this 

section is 12 X —r— = 20550 lbs., and the bending moment 

at the section is 20550 X 40 = 822,000 in. lbs. The calcula- 
tion of the strength of the counterfort at this point proceeds 
as follows : — 

K = 822,000 -^ (54 X 48-52 >< 14,500) 
= -00045 

corresponding to '05 per cent, of reinforcement and a value of 
yjil = -115 (Fig. 10). 

The neutral axis is therefore (-115 X 48*5) 5-6 in. from the 
front of the wall and still within its thickness which is about 
10 in. halfway up the wall, 

-05 per cent, of 54 X 48*5 = 1*31 sq. in. 

It is not necessary then for all the rods to be taken to the 
top of the counterfort. In Fig. 66 the two inner rods are 
stopped about halfway and the ends turned inwards. 
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Buttresses 8'thick 
140' Centres ^end 
bays /r.9' 



At the section of the counterfort adjoining the base the 
effective area as regards shear resistance is 

20 (82 — 3-6) = 1570 sq. in. 

The total shear at this section is 6850 X 12 = 82,200 lbs. 

82,200 -=- 1570 
= 52 lbs. per square inch. 

Additional resistance to shear is provided by the horizontal 
and vertical J in. diameter rods shown in Figs. 66 and 67. 
These rods embrace the main 
reinforcement of the counter- 
forts, and their ends are 
carried right into the wall 
and base respectively, and 
bent to obtain anchorage. 

The stress in the maiji 
reinforcing rods reaches its 
maximum value at the bottom 
where these terminate, so that 
it is very essential that these 
rods should be well anchored 
to the base. A convenient 
means of doing this is to bend 
the ends to pass under the 
longitudinal rods in the base 
and splice them with soft 
iron wire to the transverse 
reinforcement. This upward 
pull, exerted by the reinforce- 
ment of each cantilever upon 
the base, balanced as it is by 
the weight of earth resting 
upon the base, sets up longi- 
tudinal bending action on the 
base, which is resisted by the longitudinal rods of f in. diameter 
and 15 in. apart. 

Walls of the counterfort type are sometimes designed without 
any projecting toe, and there is then no need to make the base 
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Fig. 68— Wall with Counterforte. 
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very thick, as the pull of the counterforts upon the back of 
the slab can be met by the provision of a longitudinal beam. 




Fig. 69. — Ketaining Wall at Fentoii. 

Such a wall is shown in section in Fig. 68. This wall was 
designed by the Indented Bar and Concrete Engineering Co. 
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and reinforced with Indented Bars. It is 20 ft. high above 
ground level, exclusive of the parapet, and the counterforts 
are 14 ft. apart, centre to centre, with the exception of the end 
bays, which are 11 ft. 9 in. The width of the base is 10 ft. 
The front wall is only 8 in. thick at the bottom and 4 in. 
at the top, there being compression reinforcement in 
addition to the tension reinforcement. The thickness of the 
base slab and of the counterforts is 8 in. The beam at the 
back of the base is 2 ft. deep overall and 10 in. wide. 

Walls without Counterforts. 

Another wall designed by the same Company is shown in 
section and part elevation in Fig. 69. It was constructed 
at Fenton, on the North Stafford Railway, to retain a road 
running alongside the rails. This \7all is 900 ft. in length 
and 9 ft. 6 in. deep overall. It is of the plain cantilever type, 
without counterforts, and is 7 in. thick at the bottom and 
5 in. near the top below the coping. The bottom slab is 
5 ft. 6 in. wide and 8 in. thick. This wall is reinforced with 
Indented Bars as shown in the illustrations, and the parapet, 
which is not shown, consists of iron railings fixed to the top 
of the wall. 

These types of wall are most suitable to retain a tipped 
bank, because, if used in a cutting, there would be so much 
excavation which would afterwards have to be replaced. 
Moreover, it built entirely on the Railway Company's property, 
there would be a considerable waste of space. The wall shown 
in Fig. 70 is free from these disadvantages, the excavation all 
being useful and the base entirely on the railway side of the 
wall and below the formation level. The pressure on the 
foundation is also considerably less, but this loss of weight 
necessitates the provision of a wider base to ensure stability. 
The calculations are comparatively simple, a convenient length 
of the wall, say 1 ft., being designed as a cantilever. 

Maximum bending moment at the base = 6,850 X 80 = 

648,000 in. lbs. 

Moment of resistance '15 X 12 X d^ X 500 

d x= 24-7 in. 

B.S. I 
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•6 per cent, of reinforcement = -006 X 24*7 X 12 = 1*78 sq. 
in. per foot. 

No. 3, J in. diameter bars 4 in. centres will saflSce. 

The thickness of the wall at the bottom is made 2 ft. 3 in. 
to allow the bars to be imbedded 2 in. in the concrete. 
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Fig. 70. — ^Wall without Counterforts. 

The bending moment at any horizontal section through the 
wall is proportional to the cube of the distance from the top of 
the wall. The required thickness of the wall is proportional 
to the square root of the bending moment, and therefore to 
the square root of the cube of the distance from the top of the 
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Fig. 71.— Theo- 
retical Thick- 
ness of Wall. 



wall, and the theoretically correct section is shown in Fig. 71. 
Obviously this cannot be adopted in practice, and the thickness 
of the wall drawn in Fig. 70 is 6 in. at the 
top, uniformly increasing to 2 ft. 3 in. at the 
bottom. The back of the wall is vertical and 
the front face battered, and the latter is cor- 
belled out at the top to form a coping, and 
splayed at the bottom to form a strong gusset 
between the wall and its base. It is not 
necessary to carry all the rods up to the top 
of the wall, and the levels at which alternate 
rods in the first place, and three out of four 
rods in the second place, may be discontinued, 
can only be determined by trial. 

For instance, halfway down the wall the 
total thickness is 1 ft. 4^ in., and the 
effective thickness 14*5 in. The bending 
moment is 548,000 -r- 2^ = 68,500 in. lbs. 

If the rods were spaced 16 in. centres here the percentage 
of reinforcement would be 

15 X 14.5 X -6 = -26 per cent. 

As this is less than the '6 per cent, corresponding to the 
working stresses of 500 lbs. per square inch in the concrete, 
and 14,500 lbs. per square inch in the steel, adopted in designing 
the wall, the reinforcement will be the weaker member. 

The value of K corresponding to '26 per cent, of reinforce- 
ment is -0024 (Fig. 10). Therefore 

•0024 X 12 X 14-52 x/, = 68,500 

and/s = 11,300 lbs. per square inch. 
Fifteen feet from the top of the wall the bending moment is 
548,000 X (1)^ = 231,000 in. lbs. per foot run. The effective 
thickness of the wall is 19*8 in., and the percentage of reinforce- 
ment, if the rods are spaced 8 in., r. ^ ^ ,c^ X '6 = '38 per cent. 

o X iy*o 

K = -0085 (Fig. 10). 
•0035 X 12 X 19-82 X /, = 231,000 

/, = 14,000 lbs. per square inch. 

I 2 
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Accordingly the 4 in. spacing may extend for the bottom 5 ft. 
of the wall, the 8 in. spacing from 5 to 10 ft. up, and the 
16 in. spacing for the top half. 

Design of Base. 

la a wall of this kind stability is obtained by the weight of 
the wall itself and the earth resting on the base and by the 
friction between the earth and the back of the wall. These 
forces are indicated in diagram form in Fig. 70. 

The thickness of base cannot be exactly determined until 
the width has been ascertained, but it must be at least as 
thick as the wall at the bottom. If it is assumed to be of 
equal thickness to the wall at this point, namely 2 ft. 3 in., 
the weight per square foot will be approximately as follows : — 

Concrete 2-25 X 156 = 351 lbs. 
Earth 2-0 X 120 = 240 lbs. 

Total 591 lbs. 

It the required width of the base to prevent overturning is 
X feet clear of the thickness of the wall, its weight per lineal 
foot of wall is 

591^ lbs. 

The weight of the wall per lineal foot is 

22-25 X 1-4 X 156 lbs. = 4,860 lbs. 

The horizontal component of the earth pressure per lineal 
foot of wall has already been determined, and is 

6,850 lbs. 
while the vertical component is also the same as in the case of 
the wall with counterforts, namely 

2,220 lbs. 
The resultant of this earth pressure is assumed to act at a 
point 6 ft. 8 in. from the top of the base, or 8 ft. 11 in. from 
the underside. Taking moments as before, about the third 
point of the base nearest to the toe, which is 

(l-5 + I) ft. 
from the back of the wall 
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4,860 ( 1-5 + -^ - -75) + 591^ (l-5 + y - 2-25 -|) + 

2,220 (l-5 + ^) = 6,850 X 8*92, 

which equation is satisfied when 

X = 10-2, say 10 ft. 3 in., 

making the total width of the base of the wall 12 ft. 6 in. 
The sum total of all the vertical forces is 

lbs. 
4,860 
591 X 10-25 = 6,060 

2,220 



18,140 



and the average pressure on the foundation 

13,140 -M2-5 = 1,050 lbs. per square foot. 

The distribution of this pressure is shown in Fig. 70, and 
varies from zero at the heel to a maximum intensity of 
2,100 lbs. per square foot at the toe. The maximum stress 
produced in the base by this pressure, the resultant of which 
acts at the third point nearest the toe, less the weight of the 
base and the earth upon it, will occur just clear of the wall. 

2*2 

The intensity of the upward pressure at this point is y^ X 

2,100 = 378 lbs. per square foot. 

The calculation of the bending moment is simplified by 
deducting this 378 lbs. per square foot from the upward 
pressure throughout and deducting a like amount from the 
weight of the concrete and earth, which is 591 lbs. per square 
foot, to balance matters. This leaves on the 10 ft. 3 in. width 
of the base in front of the section considered an upward 
pressure of uniformly increasing intensity varying from to 
(2,100—378) = 1,722 lbs. per square foot and a uniform load 
of (591—378) = 213 lbs. per square foot. The bending moment 
per lineal foot due to these forces is 
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i X 1,722 X 10-25 X § X 1025 = 

60,300 ft. lbs. = 723,600 in. lbs. 
less 213 X 10-25 X J X 10*25 = 

11,200 ft. lbs. = 134,400 „ 



589,200 „ 



>> 
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As would be expected this is not much in excess of the 
maximum bending moment produced in a corresponding length 
of the wall, which was found to be 

548,000 in. lbs. 

and to require a thickness of 2 ft. 3 in. of concrete reinforced 
with ^ in. diameter rods, spaced 4 in. centres, and as 
additional strength is given by the fillet connecting wall and 
base, the latter will be amply strong if made 2 ft. 3 in. in 
thickness and reinforced by bending at right angles the vertical 
rods in the wall. 

As before auxiliary rods will be required at right angles to 
the main reinforcement and these may be of | in. diameter and 
12 in. apart. Of these, some at any rate should be placed 
near the front face of the wall to prevent the opening up of 
surface cracks due to shrinkage, temperature changes, or 
variation in the lateral pressure. Often vertical rods are 
placed here too, as in the case of the wall illustrated in Fig. 69. 
The wall is then calculated as a cantilever with double 
reinforcement. In a wall of the type shown in Fig. 69, that is 
without counterforts and the base behind the wall, the weight 
of earth resting on the base is greater than the upward 
pressure at the back of the base and the transverse reinforce- 
ment of the base slab is required near the top surface. 

Relative Cost. 

The relative cost of these different types of retaining wall 
naturally depends very largely on the individual case and its 
locaUty, but comparative estimates based on average prices 
give some indication of the relative merits of the various types 
as regards economy. 

The estimated cost per lineal yard of the brick wall, 20 ft. 
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high, illustrated in Fig. 63, suitable for retaining a tipped bank, 
is arrived at as follows : — 

2^ cube yards, Excavation in foundations @ 2/6 
1 J „ „ Concrete in foundations . @ 12/- 
lOf „ „ Brickwork in lime mortar . @ 17/- 
6 square yards Extra for facing with blue 

brick . . . . @ 2/- 

3 lineal feet, Blue brick coping . . @ 1/6 

} cube yard, Cement concrete splay . . @ 20/- 

Estimated cost per lineal yard £11 4 4 

In comparing this with the estimated cost of the reinforced 
concrete wall with counterforts 12 ft. apart, of which Fig. 66 
is a section, it is convenient to consider a 12 ft. length of the 
wall. 

£ 8. d. 

16 J cube yards, Excavation in foundations @ 2/6 2 1? 

19 „ „ Cement concrete . . @ 28/- 26 12 

1 ton Steel rods . . . @ £13 13 

70 square yards. Shuttering . " . . @ 1/9 6 2 6 



£ 8. 


d. 


6 


3 


16 





9 2 


9 


12 





4 


6 


2 


10 



£47 15 9 



Estimated cost par lineal yard £11 19 

This works out at Is. lO^d, per cube foot of concrete all 
complete, and must be regarded as a low if not a minimum 
price. Under favourable circumstances a mass concrete wall, 
similar in section to Fig. 63, can be built for less than £9 per 
lineal yard, and consequently there would not appear to be any 
great economy to be obtained by adopting reinforced concrete 
for the construction of retaining walls, or similarly the abut- 
ments of bridges. 

In the case of a retaining wall built in a cutting, where a 
large amount of the excavation must be strongly timbered, 
the cost per lineal yard naturally increases. In cutting, the 
brick wall (Fig. 63) is estimated to cost £15 Is. Od. per lineal 
yard, while the cost of the same length of the L shaped 
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Fig, 72.~Coml)ined Wall and Coal BunkelB, 
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reinforced concrete wall, drawn in Fig. 70, is estimated as 
follows : — 

£ 8. d. 
31 cube yards. Excavation in timbered 

trenches . . . @ 3/6 5 8 6 

6*6 „ „ Cement concrete . . @ 28/- 9 4 9 

7 square yards, Shuttering . . . @ 1/9 12 3 

5-1 cwt. Steel rods . . . @ 13/- 3 6 3 



Estimated cost per lineal yard ^18 11 9 

This works out at 28. Id. per cube foot of concrete all complete. 
The estimated cost of this wall, exclusive of the additional 
excavation, is £14 17s. Od. per lineal yard, and is therefore not 
as economical as the type of wall previously considered, in 
which the weight of earth resting on the base assists in pre- 
serving stability. The only advantage in using an L shaped 
wall is economy of space or land which, under certain circum- 
stances, might justify the increased cost of construction. 

Combined Wall and Coal Bunker. 

An interesting example of a reinforced concrete retaining 
wall for railway purposes is illustrated in Fig. 72. This wall, 
which is reinforced with Eahn Bars, retains coal sidings 
adjoining a boiler house, and the projecting toe is designed as 
a series of coal bunkers. The construction was made more 
difficult by the existence of a sewer practically on the line of 
the wall which was protected on top by ordinary concrete. 
The wall is 31 ft. 6 in. high, and the counterforts are 
12 ft. 4 in. apart. The thickness of the vertical slab 
varies from 13 in. at the bottom to 5 in. at the top. 
The projecting toe is 16 in. thick, but this is strengthened 
transversely every 12 ft. 4 in. by the partition above, and 
longitudinally throughout by the beam at the toe. The base 
slab at the back of the wall, which is 15 in. thick, is also 
strengthened by a longitudinal beam as shown. The total 
width of the base is nearly 25 ft., 15 ft. of this being in 
front of the wall. 



CHAPTER VII 

BRIDGES 

Types. 

There are very few examples of reinforced concrete bridges 
carrying lines of railway in this country, but a fair number of 
road bridges over various railways. Many of these have a 
very pleasing appearance and serve to show that it is by no 
means unavoidable that a reinforced concrete bridge should be 
an eyesore. 

In this chapter some examples of bridges consisting of beams 
supported by abutments or columns will be considered, and 
arched bridges will be treated in the following chapter. The 
simplest type of bridge consists of beams running longitudinally 
with the ends resting upon abutments of mass concrete or 
brickwork. A bridge of this description costs about the same 
as a brick arch bridge of the same span, width and height 
and probably 25 per cent, less than a bridge consisting of 
longitudinal steel girders and jack arch flooring. A reinforced 
concrete bridge thus possesses the advantages that it can be 
constructed in a less depth from rail level to road level than a 
brick arch, and at the same first cost, and with the same 
freedom from subsequent maintenance charges. In larger span 
bridges where the depth available for construction is small the 
parapets may be designed as beams with double reinforcement, 
and the road carried on transverse beams or slab floor. 

Footbridge. 

Footbridges can be economically designed on this principle, 
because in this case the span of the floor from parapet to parapet 
is quite short and requires but little depth, thus effecting a saving 
in the number of steps required. The elevation and cross 
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section of a station footbridge of this kind are shown in Pigs. 
73 and 74. A further economy is effected by ramping the 
ends of the girders and placing some of the steps at these 
points. In this way the remaining steps at each end can be 



r— 4-- 



Fig. '74. — Cross Section of Superstructure. 

arranged in one flight, which will not exceed in height the 
maximum of 10 ft. allowed by the Board of Trade Regulations. 
Of the tour | in. diameter rods ■ in the lower member, two 
are turned up at each end, one in each of the two end panels, 
which they cross diagonally. There are also vertical stirrups 
of f^ in. diameter, to each stifFener and expanded steel of 
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light section throughout the web, for the shear stress in a beam 
of this span is somewhat high. 

The floor is reinforced with No. 8. Diamond Mesh Expanded 
Steel, the cross sectional area of which is equal to '6 per cent, 
of the effective area of the concrete. The calculation of the 
main beams presented some difficulty on account of their 
arched form coupled with the absence of abutments rigid 
enough to resist the thrust arising from arch action. 

In the absence of this rigidity there is no doubt that the 
bending moment at the centre is very nearly as great as it 
would be in the case of a straight beam, and the bending 
moment at this point was calculated with the aid of the formula, 

Wl 
10 

the factor 10 being adopted in view of the partial fixture 
obtained at the ends. 

It is with regard to the stresses at the ends that some doubt 
exists, because in a girder with fixed ends the bending would be 
negative here, that is, tension at the top, while in an arch of 
similar form to the main beams of this footbridge, with fixed 
ends, the bending would be positive at these ends, that is, 
tension at the bottom. Furthermore the absence of rigidity 
does not affect the stresses at the ends so much as at the 
centre, so that it appears likely that the stresses at the ends 
are not excessive. 

To test this the author made some scale models of the beams 
in plaster of Paris and loaded these in the manner indicated in 
Fig. 75 until they failed. In the first model (Fig. 75) the section 
was uniform throughout. In the second (Fig. 76) the depth 

was decreased at the ends, in the ratio of 1 : V2 so that the 
strength at the ends was just half the strength at the centre. 
The beams were supported at the ends on glass plates which 
in turn rested upon several thicknesses of cloth, so that there 
was perfect freedom for the ends to move laterally. In loading 
the beams at the third points, as shown in Fig. 75, as much 
load was placed in equal portions upon the bearings, as at the 
centre, in order to obtain a certain degree of fixture, as regards 
bending, at the ends. The method of failure is shown in the 
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sketches, and the fact that in each case fracture occurred 
simultaneously under or near each point of support indicates 
that plaster of Paris is quite a reliable material for the purpose, 
and capable of giving uniform results. In the second model 
the crack at the bearing occurred after the failure at the points 
of application of the load, and was caused by the weights 
falling on to the left-hand end of the beam after the middle 
portion had given way. These results indicate that the 
bending moment at the end in this particular case is less than 
half that at the centre, and rather confirms the theory that 




Fig. 75.— Model Beam of Uniform Section. 
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Fig. 76. — Model Beam with Beduced Section at Ends. 

arch action tends to diminish the bending moment at the ends 
of a beam of this form. 

In the footbridge illustrated in Figs. 73 and 74, there are two 
J in. diameter rods at the top and two at the bottom, near the 
ends, and in the strings to the lower flights of steps, which are 
of similar section, there are two ^ in. diameter rods at the 
bottom and one at the top. The percentage of reinforcement 
is somewhat small, because the section of the concrete is 
practically the minimum that could be adopted to provide a 
parapet of the required height and possess the necessary 
lateral stiffness. The compressive stresses in the concrete, 
therefore, are not high and are calculated to vary between 300 
and 400 lbs. per square inch. 
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Specification. 

The specification for tlie concrete provides for one measure 
of Portland cement to four measures of granite or whinstone 
from an approved quarry properly graded and broken to such 
a size as to be left on a screen with a ^ in. mesh and capable 
of being passed in any direction through a ring f in. in 
internal diameter, including only a sufficient quantity of clean, 
sharp sand to fill all cavities. 

The steps were specified to be finished while green with a 
1 in. layer of cement mortar mixed with f in. screened Hard 
York non-slip stone chippings. 

Notes on the drawing and clauses in the specification provide 
for " all reinforcement to be rigidly fixed in position so that it 
cannot be disturbed while the concrete is being placed. No 
steel to have at any point less than 1 in. of concrete covering. 
All bars where they intersect to be bound together with 
annealed wire about -^^ in. in diameter. The boxings of 
columns and side-boards of beams must not be removed until 
the concrete has had at least one week to set. The centering 
must not be struck until at least six weeks after the 
completion of the work." This period is rather longer than 
usual, but was considered advisable in view of the position of 
the structure relatively to running lines of railway. To allow 
for the temporary centering the lowest part of the permanent 
structure over the rails was kept 8 in. above the minimum 
structure gauge, that is, 14 ft. 11 in. above rail level. This, 
together with the recess under the floor, which is 6 in. 
deep, permitted the use of fairly stout timber beams for the 
temporary centering. 

Quoting again from the specification : — " The concrete must 
be placed in position as rapidly as possible after mixing and 
thoroughly tamped into position up to the shuttering and 
round the steel reinforcement. Care must be taken at the end 
of every stage, in which the concrete may be allowed to set for 
more than one hour, to thoroughly cleanse it from all dirt and 
loose matter and well saturate it with water and wash with a 
thin grout of neat cement before proceeding with the adjoining 
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work. The whole of the steel is to be thoroughly scraped to 
remove all dirt, rust, and scale 
immediately before it is used 
in the works. 

" The boards for shuttering 
must not in any case be less 
than 1^ in. in thickness, and 
must be planed and both edges 
shot so (^ to fit tightly at the 
joints, and be thoroughly 
cleansed and the vertical sur- 
faces properly greased and the 
horizontal surfaces covered 
£, with oil-paper each time they 
"g are used. Care muHt be taken 
^ that the boardsare set to ensure 
" the faces of the concrete being 
° regular." No rendering was 
.a allowed except where necessary 
£ to fill in cavities unavoidably 
w formed, the exposed surfaces 
r^ being rubbed smooth with 
^ pieces of wood while the con- 
£ Crete was still green. 

Bbidoe over CurriNG. 
Another example of a small 
bridge over a railway is shown 
in Figs. 77 and 78, the views 
presenting the elevation and 
cross section respectively, of a 
bridge carrying a roadway 12 ft. 
wide over the Audley line of 
jg the North Staffordshire Rail- 

way, which, at the point 
crossed, is in cutting. There 
is plenty of room for construction, permitting the beams to be 
placed below the floor. In this way the columns are decreased 
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in height and a very pleasing appearance is obtained. The 
parapets are also of reinforced concrete with deeply recessed 
panels. 

The reinforcement consists of patent Indented Bars. The 
bracing of the columns is shown in the cross section and the 
method of constructing the abutments at the tops of the 




Fig. 78. — Cross Section of Overbridge. 

slopes with vertical and horizontal slabs is indicated in the 
elevation. 

Bridge under Railway. 

Figs. 79 and 80 show in longitudinal section and part cross 
section one of the few reinforced concrete railway under- 
bridges which have been constructed in the British Isles. 
These bridges, for there are three of them side by side, carrying 
eight tracks in all, serve to connect the main h'nes of the 
Great Western Railway with the locomotive and carriage depot 
at St. Philip's Marsh, Bristol. They are constructed of 
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Hennebique ferro-concrete throughout, and are of the girder 
type supported on walls built up from pile foundations. The 
clear span is 36 ft. and the bridges were designed to carry 
80-ton locomotives. When tested under 75-ton locomotives 
the maximum deflection was very little more than J of 
an inch. 

The total depth of the longitudinal beams including the 
7 in. slab floor is 33 in., or about ^ of the clear square 
span. As all the girders are built slightly on the skew the 
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Fig. 79. — ^Victoria Street Bridge, Bristol. Longitudinal Section. 

actual span is rather more than 36 ft. The spacing of the 
main beams varies somewhat to suit the Unes of rails. 
Generally speaking, there is a beam under each rail so that 
the beams are from 5 to 6 ft. apart between centres. The 
counterforts to the abutments occur under every other beam, 
the alternate beams being carried on columns 12 in. X 18 in. 
in section. The thickness of the abutment slabs is 5 in. The 
piles are 14 in. square and 41 ft. in length. Connecting the 
heads of these together transversely and passing under the road 
are 12 in. X 16 in. beams spaced about 10 ft. apart. 
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Highway Bridges. 

Another Hennebique bridge of similar construction is shown 
ia Figs. 81 and 82. This is a highway bridge over the Avon- 
mouth and Filton Railway. The road is 25 ft. wide between 
the brick parapets and the clear span of the beams is 27 ft. 
The beams, which are 4 ft. 6 in. apart, are 2 ft. deep X 9 in. 
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Fig. 80. — ^Victoria Street Bridge, Bristol. Cross Section. 



wide and the thickness of the slab floor is 6 in. The 
abutments are of considerable height as the formation level of 
the railway is about 6 ft. above the original surface of the 
ground. The abutments are founded on piles 14 in. square 
and 21 ft. in length. 

There are several examples of Hennebique ferro-concrete con- 
struction at the Great Central Railway Company's Immingham 

K 2 



182 REINFOECED CONCRETE RAILWAY STRUCTURES 

Dock. These include four bridges carrying the high level 
serving roads over the empty waggon sidings, designed to 
carry the heaviest locomotives on the G. C. R. and gantries at 
the coal hoists for carrying empty trucks away over the quay. 
A road bridge consisting of two spans of about 35 ft. each is 
illustrated in Figs. 83 and 84. This bridge was designed to 
carry two 15-ton traction engines, two 40-ton boiler trolleys 
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Fig. 81. — Bridge over Avonmouth and Filton Eailway. 

Longitudinal (Section. 

and in addition 1 cwt. per super foot on the remaining 
uncovered portions of the bridge, a very heavy load. 

The road is 40 ft. wide between the parapets and is carried on 
five main beams rather over 10 ft. apart between centres. These 
are 30 in. deep, including the 6 in. slab floor, and 18 in. wide. 
There are cross beams 18 in. deep by 6 in. wide spaced about 
3 ffc. 9 in. apart between centres. The centre support consists of 
five columns 20 in. square built lip from a double row of 14 in. 
piles. The counterforts to the abutments are about 10 ft. 
apart, and the S in. slab walls are stiffened by intermediate 
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uprights and horizontal beams. The abutments are also 
founded on Hennebique ferro-concrete piles 14 in. square. 

One of the advantages of reinforced concrete construction, 
and at the same time one of the difficulties as regards design, 
is illustrated in the bridge of which Fig. 85 is a longitudinal 
section. This is one of two bridges spanning the canal at 
Burnley and carrying the tramway, constructed for the 
Burnley Corporation from designs prepared by the Patent 
Indented Bar and Concrete Engineering Co. The span of 
this particular bridge is 40 ft. and the overall depth of the 
beams at the centre is only 1 ft. 8 in. or ^ of the span. This 
shallow construction was made possible by moulding the 
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Fig. 86. — Diagram Exaggerating Deformation. 

beams in one with the abutments and designing the reinforce- 
ment, which consists of indented bars, and is of necessity very 
heavy, so as to obtain complete continuity. 

Graphic Determination of Stresses. 

The determination of the stresses in a structure of this sort 
under the combined influences of dead and live load and earth 
pressure, presents a distinctly interesting problem which, 
although capable of a more elegant solution, can be solved in 
a comparatively simple manner graphically. The deformation 
produced in a structure of this sort is shown exaggerated in 
Fig. 86. The span remains constant for all practical purposes 
and so does the length of the supports. The ends A and D 
will be fixed, provided that the width of base AF and DE 
and the weight of earth above is sufficient to prevent over- 
turning under the influence of the bending moment at these 
points. 
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As regards the beam J5(7, if the live load is assumed to be 
uniformly distributed, the total load may be represented to a 
convenient scale by the rectangle BCGH in Fig. 87. Below 
is shown the shear diagram and the bending moment diagram. 
These may be obtained successively by the process of graphic 
integration, that is MN, for instance, in the shear diagram, is 
equal to the area BLKH of the load diagram. To obtain the 
actual shear diagram the datum B'C has to be substituted for 
the original datum EC equivalent to adding a constant in 
quantitative integration, and the value of the constant BE' is 
obtained in this case from the knowledge that the reactions 
EE' and JC at the abutments are each equal to half the total 
load CJ. 

Similarly in the bending moment diagram, PQ is equal to 
the area E'RE minus the area RTS, areas above and below 
the datum being of opposite sign. The correct alteration of 
the datum to complete the bending moment diagram is depen- 
dent upon knowing the degree of fixity of the ends. If the 
ends are perfectly fixed the slope of the beam at each of 
these points is zero, and the graphic integration of the bending 
moment diagram can only yield this result if the areas EE' U 
and CC'V below the datum are together equal to the area 
UQV above the datum. From the value of the area of a 
parabola it follows that EE' or CC must be equal to § of the 
maximum ordinate. Similarly the deflection curve is obtained 
by graphic integration of the slope diagram. To obtain actual 
values of the slope or deflection, and, if the section of the beam 
varies, to obtain correct relative values of these quantities, it 
is necessary to divide the ordinates of the bending moment 
diagram by the moment of inertia of the section and the 
modulus of elasticity of the material. 

The pressure on the counterforts instead of being a uniformly 
distributed load is a uniformly increasing load varying from 
zero at the top to a maximum value at the bottom, which may be 
determined in the manner described in the chapter on Retaining 
Walls. This pressure may therefore be represented by a triangle, 
and the shear diagram becomes a parabola, but the correct 
datum for this shear diagram can only be determined by trial. 
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If, however, the ends are perfectly fixed, cc', the reaction at 
the top end will be ^^ of the total load dj. On this basis the 
subsequent diagrams relating to bending moment, slope and 
deflection have been prepared, the ordinate cc\ determining 
the corrected datum for the bending moment diagram, being 

equal to ^^r where I is the height of the counterfort and wl the 

wIj 
maximum pressure at the base. The quantity ^ represents 

the bending moment at the top of the counterfort, provided 

both top and bottom are fixed in direction as well as position. 

'wl 
This can only occur if ^^ referred to the counterfort is equal 

7 2 

to -j^ referred to the beam and giving the value of the 

bending moment at its ejids if these are perfectly fixed. 
Obviously these bending moments must be equal, and if they 
are not so, for the mutual condition of fixed ends the datums 
must be amended so that (1) the bending moments CCi and 
cci are equal ; (2) the slope at the end of the beam is the same 
as the slope at the top of the counterfort, having made due 
correction in the bending moment diagrams for variation in 
section ; (3) the deflection at each end of the beam and at top 
and bottom of the counterfort must be zero. In the diagrams, 
Fig. 87, the bending moment at the end of the beam, CC\ is 
a little greater than the bending moment at the top of the 
counterfort, cc'. The datum of the bending moment diagram 
for the beam JS'C, must therefore be lowered slightly. As a 
result, the slope at each end of the beam as registered in the 
following diagram will, instead of being zero, have a small 
value, indicated by the dotted curve and datum, and the 
maximum deflection will be somewhat increased. In the 
diagrams applying to the counterfort the datum of the shear 
diagram c'd', must be raised a trifle so as to give the required 
bending moment and slope at the top end and yield a deflection 
curve registering zero deflection at the top and at the bottom, 
and also at a third point near the top. 
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Widening an Existing Bridge. 

A cross section and elevation of a road bridge over a railway, 
widened by means of a reinforced concrete construction, are 
shown in Figs. 88 and 89. The road crosses the Chester and 

,2'0' vj L 





Fig. 88. — Widening an Existing Bridge. Cross Section. 

Holyhead Railway at Conway, and was originally only 12 ft. 
wide between the parapets with no footpath. The bridge 
consisted of three stone arches of considerable height above 
the railway and heavy stone parapets, which are shown dotted 




Fig. 89. — Widening an Existing Bridge. Elevation. 

in Fig. 88. These were removed and cantilevers constructed 
at each pier and the two abutments, carrying parapets, which 
serve also as main girders supporting the floor slabs. By 
this means a footpath 6 ft. wide was provided at each side of 
the road. The overall length of the cantilevers is 28 ft. 6 in. 
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and these take bearings on the spandril walls of the bridge 
6 ft. 9 in. from each end. The span of the main girders is about 
30 ft. The widening was undertaken by the Conway Corpora- 
tion and carried out from designs prepared by Messrs. 
Mouchel and Partners on the Hennebique system. There 
was no objection on behalf of the Eailway Company, because 
the weight of the additional structure, together with a reason- 
able allowance for live load on the footpaths, was no more 
than that of the old stone parapets removed. Both the canti- 
levers and the main girders are reinforced with compression as 
well as tension reinforcement. 

Bridge at King's Cross. 

A reinforced concrete bridge has recently been constructed 
over the Metropolitan Eailway at King's Cross, carrying a 




Fig. 90. — Bridge at King's Cross. 

roadway and providing a connection between the L. C. C. tram- 
ways along Gray's Inn Eoad and Pentonville Eoad. This 
consists of two main spans, one of 53 ft. 6 in. over the electric 
lines and platforms, and one of 30 ft. over the pair of lines 
alongside. A half cross section through the floor of the larger 
span is shown in Fig. 90. The construction is on the Coignet 
system throughout. The largest beams are about 5 ft. 6 in. 
deep and 2 ft. wide and very heavily reinforced. For instance, 
the compression reinforcement consists of 8 round rods each 
Ij^g in. diameter. The tensile reinforcement for the centre 
beam of all comprises, at the middle of the span, four groups of 
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7 round rods IJ in. in diameter, and in addition 4 round rods 
1^ in. in diameter. Some of these are turned up at the ends 
and bent over the compression rods, and vertical stirrups, 
passing under the lower rods and wrapped round the upper 
rods, are provided throughout the entire length in accordance 
with the Coignet principle of reinforcing beams. There is a 
pipe duct under each footway carried by rectangular beams 
about 6 ft. apart. Provision for the tramway conduit is made 
in a similar manner. There are no parapets, as the station 
buildings are approached from the footpath on the one side 
and flats are in course of construction on the other side. This 
is a skew bridge and in consequence the reinforced concrete 
columns between the two larger spans are diamond-shaped in 
section. The other ends of the beams are carried on brick 
piers forming part of the old work, and the pockets in the 
original retaining walls are covered over with reinforced 
concrete construction similar in type to the section illustrated 
in Fig. 90. The proportions used for the mixture of the 
concrete were as follows : — 

1 bag of cement (224 lbs.). 

4| cub. ft. of sand. 

9J cub. ft. of aggregate. 

This is approximately a 1 : 1 J : 3 mixture. Ham River ballast 
was used for the aggregate, which varied in size from J in. 
to i in. 



CHAPTEE VIII 
arched bridges 

General. 

For small spans there is probably no cheaper form of bridge 
of a permanent character than a brick, stone, or concrete 
arch, according to locality, and when there is headway enough 
and to spare, this construction has in the past represented the 
standard type both for bridges under and over the line. Not 
only is the first cost less than for a steel bridge with jack arch 
floor, but under favourable circumstances the cost of mainten- 
ance has been practically nil. It is found, however, that 
under the heavy express traffic of to-day, this happy state of 
affairs is not always maintained, and arches show an increas- 
ing tendency to develop cracks. For small spans the introduc- 
tion of light reinforcement, without reducing the proportions 
of the arch to any great extent, might be tried with advantage 
as a means of prevention distinctly preferable to the unsightly 
cure of tie bolts and large washer plates introduced after the 
damage is done, while for larger spans the thickness of a 
concrete arch containing a normal percentage of reinforce- 
ment has proved quite sufficient to withstand the rough usage 
of railway traffic. For instance, on the Continent, several 
bridges of considerable span and of the bowstring type have 
been constructed under the running lines. 

Eeinforced concrete is a peculiarly suitable material for 
the construction of arches, and does away with the necessity 
of making the arch sufficiently thick to eliminate tension, 
while retaining a comparatively cheap material to resist the 
direct thrust. Eeference has already been made to the pro- 
perties of double reinforcement. In an arch, as in a column, 
double reinforcement is a necessity, because under variations 
of load either surface may be in tension. It will be seen in 

R.S- L 
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Fig, 15 that with small percentages of double reinforcement 
the stress in the steel due to bending is high compared with 
the maximum compression in 
the concrete due to bending, but 
in the arch and column this 
inequality is compensated by the 
direct thrust, which increases 
the compression in the concrete, 
and reduces the tension in the 
steel, thus enabling normal work- 
ing stresses to be adopted for each 
material while retaining a small 
. percentage of reinforcement. As 
^ in the case of beams, so with 
^ arches it will be found that a 
t thicker arch sparingly reinforced 
a is, under ordinary circumstances, 
<„ more economical than a thin arch 
a containing a high percentage of 
'■§ reinforcement. 

^ Solid Arch Bridqe. 

S An example of the simplest 
g type of arch bridge is illustrated 
^ in Figs. 91 and 92. Several of 
these bridges have been con- 
structed to carry roads 40 ft. in 
width over a new line of railway. 
The intradoB is not a perfectly 
true ellipse, but is struck with 
three centres, the somewhat flat 
curve at the crown being deter- 
mined by the limited depth 
available. The span is 40 ft,, 
and the semi minor axis 14 ft., 
the maximum height from rail level to soffit l>eing 15 ft, 1 in. 
The thickness of the arches at the crown is 1 ft. 8 in., and at 
the change of curvature 1 ft. 9 in. The thickness of the 
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abutments as they appear on plan is 7 ft., and the foundation 
is on sandstone. Mass concrete was used for the wing walls 
and concrete blocks for the parapets. 

The main reinforcement of the arches consists of Kahn Bars 
with some ordinary round binding rods parallel to the axes of 
the arches. The main reinforcement is placed symmetrically 
about the centre line throughout, and except at the springings 
is 2 in. from each surface. At the crown, and extending each 
way to the change of curvature, the bars are ^in. square, 
spaced 1 ft. apart centre to centre, with wings 12 in. long. At 
the springings the bars are 1 in. square, spaced 1 ft. 6 in. 
apart, centre to centre, with wings 18 in. long. The section 
of the bars was changed in order to obtain longer wings at the 
springings, 12 in. and 18 in. being the respective standard 
lengths of wings for f in. and 1 in. bars. 

Specification. 

The cement concrete in the foundation of the arches below 
the formation surface of slopes was specified to be composed of 
one measure of Portland cement, three measures of clean, sharp 
sand, and six measures of the aggregate. The cement concrete 
in arches above the formation surface of slopes to be composed 
of one measure of Portland cement, two measures of clean 
sharp sand and four measures of the aggregate. The 
aggregate in each case to consist of properly graded granite or 
hard close grained stone approved by the engineer, crushed to 
pass in any direction through a ring 1 in. in internal diameter 
and retained on a screen with a x^-in. mesh and washed if 
necessary. The proportions to be accurately measured in a 
gauging box made for the purpose. The concrete must be 
thoroughly mixed to a rather wet consistency upon a close 
wooden platform or by an approved mixing machine. The 
concrete must in all cases be well rammed round the steel 
reinforcement. The finish to the exposed surfaces was specified 
to be obtained by working the " fat " to the front by means of 
hoop iron swords. 

As regards the reinforcement, it was specified that the steel 
reinforcing bars must be free from oil, grease, dirt, and paint, 

L 2 
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and all rust must be removed by thoroughly cleaning with 
wire brushes immediately before the concreting is carried out. 
All steel rods and bars must be firmly fixed to the centering 
by means of temporary templates to ensure each part of the 
reinforcement remaining firmly in the position indicated for it 
on the drawings. No steel must have at any point less than 
1 in. of concrete covering. The bars must in all cases be 
carefully bent to uniform curves, the wings being set to a true 
angle of 45 degs. with the main bar. 

These bridges cost just about the same as a brick arch 
bridge of the same width and height, but only a flat brick 
arch with a rise of from J to ^ of the usual span for 
a double line bridge, namely, 26 ft., could be built with the 
head room of 18 ft. available for the construction of these con- 
crete arches. The first cost of a steel-girder bridge with jack 
arch floor and brick abutments and wings would probably be 
about 20 per cent, higher, and in addition there is the cost of 
maintenance. 

Bending Moments, &c. 

The calculation of the stresses in an arch of this kind 
presents some difficulty, and in view of the fact that com- 
paratively few books deal with this subject, is worth repro- 
ducing somewhat fully. The bridges were required to be 
sufficiently strong to carry a 50-ton boiler trolley with a wheel 
base of 12 ft. by 6 ft., and the load equally divided between the 
four wheels. 

Width of arch considered 1 ft. 

Effective span 45 ft. between extreme points on centre line. 

Length of centre line 54*5 ft. divided into twenty equal parts. 

Estimated dead loads vertically over each part as shown by 
dotted lines in Fig. 92, averaging the weight of concrete, 
tilling, and metalling at 1 J cwt. per cube foot. 

20*5 X 1-4 X IJ cwt., say, 35 cwt. 

16 X 1-7 X li „ „ 34 „ 

11-4 X 1-9 X li „ „ 27 

8-7 X 2-2 X IJ „ „ 24 

7-0 X 2-3 X li „ „ 20 



If 
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5-7 X 2-4 X IJ cwfc., say, 17 cwt. 

4-7 X 2-6 X li „ „ 15 

3-95 X 2-6 X li „ „ 13 

3-45 X 2-7 X li „ „ 12 

3-2 X 2-7 X li „ „ 11 

The boiler trolley was placed to the right of the centre line 
as shown in Fig. 92, and the reason for the varying amount of 
distribution assumed is indicated by the dotted lines. Having 
regard to the amount of the filling, the 12^ -ton wheel load 
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>> 
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Fig. 93.— Force Polygon. 

near the centre line was assumed to be distributed over a 
width of 5 ft. across the bridge and over two divisions 
longitudinally, that is a length of 5*4 ft. The wheel load 
furthest from the centre line, under which there is a greater 
depth of filling, was assumed to be distributed over a width of 
6 ft. across the bridge, which is the spacing betw^een the pair 
of wheels, and over three divisions longitudinally. 

If the horizontal thrust //, and the vertical reaction K at 
the left abutment were known, the force polygon sketched in 
Fig. 93 could be drawn, and if one point on the resultant 
thrust line were known, this line could be drawn in its correct 
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position relatively to the centre line of the arch by means of 
the well-known funicular polygon construction. 

Taking the line joining the ends of the centre line of the 
arch as a horizontal datum, let y be the ordinate of the line of 
resultant thrust at the left abutment. The slope of this line 

at this point is jy so that the ordinate at the centre line of the 

first division of the arch is ?/ + '7 ^v. 

Proceeding to the right the slope of the thrust line according to 

II 35 

the graphic construction is ^j — , and the ordinate at the 

T> T> OK 

centre line of the second division is 2/ + '7 ^j + 1*55 — ^ — . 
Similarly the ordinate at the centre line of the third division 
18 2/ + '7 73. + 155 — — 1- 1-8 YJ • The remain- 

Jri ri Jri 

ing ordinates are readily worked out in tabular form on p. 152. 
The values of y, E, and H can now be ascertained from 
properties of the elastic arch with fixed ends, which need not 
be gone into here. 

The ordinates of the resultant thrust line with reference to 
the centre line obtained in the last column of Table I., when 
multiplied by the horizontal thrust H, are a measure of the 
varying bending moments throughout the arch. With regard 
to any one of the twenty equal divisions into which the centre 
line of the arch is divided, and within the limits of which the 
bending moment is assumed to be constant, the amount of 
bending of the arch is directly proportional to the length of 
the division and the magnitude of the bending moment, and 
inversely proportional to the moment of inertia of the average 
section. The length of each division is constant, and can be 
eliminated, but the measures of the bending moment, namely, 
the values in column 8 of Table I., must be divided by the 
moment of inertia of the section at the centre of each division. 
For instance, at the crown, the moment of inertia, taking into 
account the greater modulus of elasticity of the steel is : — 
J^- X 12 X 153 + 2 X -75 X 5-5^ X 15 = 4,060 in. units. Instead 
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On! i nates of Resultant 

Thrust Line with Reference to 
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y + 2-25^- -^ 

, n 178 

y+ 4-05^- -jj- 
_L n ^ 375 

oo.^ 645 
y + 8-35;^- -^ 

^ „ R 974 
y + 10-7 ^- ^ 

,.,„ i2 1366 
y-fl3-2 j}--g- 

,.^ i2 1813 
y + 15.8 -^--^ 

_ , R 2304 
y + 1845-^- -^ 

,, , R 2836 
y + 2115-^ --gr- 

,.. o- i2 3398 
y + 23-85-^- ^^ 

y + 26-55-^- -jj 

c^c R 4«^>2 
.y-f29-2 jj-^j- 

,, ^ i2 5567 
y-f31-8 ^- jy 

„ . „ i2 6339 
y+34.3 -- — 

^^ ^^ R 7138 
y + 36-65 j^- -^ 

„„ R 7980 
y + 38-9 ^--JT 

R 8825 
y + 40-95 jf- -jj 

,^„,R 9615 
y + 42-75 ^- -jf 

,,^ R 10348 
y + 44-3 jj—j^ 



- 1-2 

- 3-4 

- 5-4 

- 715 

- 8-65 

- 9-9 
10-9 
11-7 
12-2 
12-45 
12-45 
12-2 
11-7 
10-9 

9-9 

8-65 

7-15 

5-4 

3-4 

1-2 
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of dividing by these large numbers it is more convenient to 
multiply by equivalent factors, calling the factor corresponding 
to the largest divisor, 1. These are given in the first column 
of Table 11. Obviously the total amount of bending through- 
out an arch with fixed ends is, in the algebraical sense, zero. 
Therefore the summation of the quantities in column 2 of 
Table II., which represent bending moments corrected for 
varying moment of inertia or section, may be equated to zero. 
Further, it has been proved that the sum of the products of 
these quantities and the distances of the respective sections 
from either abutment is zero, and also that the sum of the 
products of these quantities and the ordinates of the centre 
line to the arch, measured from any convenient horizontal 
datum, is zero. 

In this way three equations are obtained in ?/, „ and 

Yr^ thus : — 
11 



r,,.« . ^^OKa^i 1884000 ^„„^ 

544-6 y -\- 12256 yv — — yt 5895 


= 


5895 2/ + 132700 2 - ^^^^^^ 65957 

11 11 


-0 


12256 2/ + 322823 ^ - ^^^^^^^ 132633 


= 


which when simplified become 




, + 22-5 ^ - T = '«-«^ 




, + 22-6'^ '^^-n-m 




y + 20-3 ;; - "Jf <• = 10-82 




and determine the values 




y — 2-36 ft. 




1 = -« 





H = 196-1 cwt. 
By substituting these values in the general expressions for 
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the resultant thrust line given in Table L, the location of this 
line can be determined with more accuracy than is possible 
with the graphic method. The resultant thrust line plotted in 
Fig. 92 was determined in this manner. 

The figures in Tables II., III., IV. have been given in full in 
order to show that the calculations are not as involved as they 
appear at first sight. For instance, the coefl&cients of y in 
Table IV. are the same as the last column of numericals in 
Table II., and the coefiicients of y in Table III. are the same 

as the coefl&cients of yt ^^ Table II. Also the last column of 

±1 

numericals in Table III. are the same as the coefficients of -^^ 

Jti 

in Table IV. In the equations obtained by simplifying the 

three summations it will be noticed that the numbers 22'5 

and 10*82 each occur twice. This is not a coincidence, and 

will always occur in a arch having springings at the same 

level and a centre line symmetrical about the crown. 22'5 is 

the half span, and that it should be such can be verified from 

a consideration of the operations by which this figure is 

obtained. 

In an arch of uniform section the value 10*82 would be the 
average ordinate, but in the present case this is qualified by 
the variation in the thickness of the arch throughout its 
length. If the line of resultant thrust plotted on Fig. 92 is 
examined, it will be found that although it is deflected above 
the centre line by the wheel load near the crown, it is below 
the centre line of the arch underneath the wheel load near the 
right abutment, and this fact, together with the elliptical 
shape of the arch, suggested that a worse result might be 
obtained by placing the wheels symmetrically about the 
crown. 

The calculation under these conditions is very much 
simplified, because everything is symmetrical about the crown, 
and only half the arch need be considered. R is known to 
be half the total load, and the second equation obtained from 
the sum of the products of ordinates relatively to the centre 
line, and their distance from the left abutment, would yield 



ARCHED BRIDGES 



157 



the same result as the first equation, and need not be con- 
sidered. This leaves two equations to determine the values 
of H and y. It was found, however, that this loading did not 
give such high bending moments as the first arrangement. 



Calculation of Stresses. 

The maximum stresses produced in the concrete and in the 
steel at any section are determined by considering the com- 
bined effect of the bending moment and the direct thrust at 
that section. To obtain the magnitude of the resultant thrust. 




Fig. 94. — Shear Diagram. 

the horizontal component, which is constant throughout and 
equal to 196 cwt. with the loading indicated in Fig. 92, must 
be combined with the vertical component or shear which 
varies throughout the arch. This variation is shown in 
diagram form in Fig. 94, which is plotted from the ascertained 
value of the vertical reaction at the left abutment, 

R = 1-16 X 196 = 227 cwt., 

and the loads supported by each division of the arch which 
are given in Fig. 92. 

The maximum bending moment near the crown of the arch 
occurs at X in Fig. 92, and is equal to 

196 X -32 = 62-7 ft. cwt. = 84,300 in. lbs. 

The shear at this section is practically nil, so that the amount 
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of the direct compression is 196 ewt. or 22,000 lbs. The 
section resisting these stresses is drawn in Fig, 95. 

Width of section = 12 in. 

Total depth of section = 15 in. 

Effective depth of section = 13 in. 

Area of reinforcement at top and also at bottom ^ "52 sq. 
in. = 'SS per cent. 

Moment of resistance to bending, 

■0030 X 12 X 13' X>. (Fig. 15.) 

Tension in steel due to bending, 
84,300 -T- -0030 X 12 X 13* = 13,900 lbs. per square inch. 

Maximum compression in concrete due to bending, 
13,900 ~ 46-8 = 297 lbs. per square inch. (Fig. 15.) 

Direct compression in concrete, 
22,000 -7- (12 X 15 + 14 X 2 X "52) = 113 lbs. per square inch. 
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Fig. 05. — Section of Arch near Crown. 

steel = 113 X 15 = 1,700 lbs. per 



Direct compression 
square inch. 

Maximum compression in concrete (total) ^410 lbs. per 
square inch. 
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Nett tension in steel (13,900—1,700) = 12,200 lbs. per 
square inch. 

The bending moment at the weakest point near the 
springing, marked A in Fig. 92, is 

196 X 1-3 = 255 ft. cwt. = 343,000 in. lbs. 
The shear at this section is 175 cwt., and the resultant thrust 
^1962 + 1752 = 263 cwt. = 29,500 lbs. Fig. 96 shows the 
section resisting this combined bending moment and thrust. 

Width of section, 12 in. 

Total depth, 44 in. 

Effective depth, 40 in. 

Area of reinforcement at top and also at bottom, 

•66 sq. in = '14 per cent. 
Moment of resistance to bending, 

•0013 X 12 X 40^ X/s. (Fig. 15.) 
Tension in steel due to bending, fs. 

343,000 -^ ^0013 X 12 X 40^ = 13,700 lbs. per square inch. 
Maximum compression in concrete due to bending, 

13,700 -T- 50-8 (Fig. 15) = 270 lbs. per square inch. 
Direct compression in concrete, 
29,500 -f- (12 X 44 + 14 X 2 X -66) = 54 lbs. per square inch. 
Direct compression in steel, 

54 X 15 = 800 lbs. per square inch. 
Maximum compression in concrete (total), 

270 -|- 54 = 324 lbs. per square inch. 
Nett tension in steel, 

. 13,700 — 800 = 12,900 lbs. per square inch. 

The length of overlap required where bars join, in order 
that the resistance to slipping may be comparable with the 
working tensile resistance of the bar, is 5 ft. in. Thus, 
working pull on 1 in. square bar 

= 14,500 X 1 = 14,500 lbs. 

Circumference of bar, 4 in. 

Length of overlap required = 14,500-^ (4 X 60) = 60 in. 
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The rigidly-attached wings provide in addition a mechanical 
bond which fully justifies the adoption of as high a value as 

60 lbs. per square inch for the 
working bond stress. 

The only shear stress on 
laminal and radial sections, is 
due to the variation of bending 
stresses throughout the arch, 
and this shear will be a maxi- 
mum where the rate of variation 
of bending stress is greatest. 
For instance, the ordinate of 
the thrust line relatively to the 
centre line at X, in Fig. 92, is 
•32 ft., while at the adjoining 
section Y it is '05 ft. The 
tensile stress in the steel due 
to bending, corresponding to 
the ordinate "32 ft., was found to 
be 13,900 lbs. per square inch. 
The tensile stress in the steel due to bending corresponding 

to the ordinate '05 ft. is therefore ^ x 13,900 = 2,200 lbs. 

per square inch. The total stress due to bending in one bar 

at X is -52 X 13,900 = 7,200 lbs. 
and 

at Y is -52 X 2,200 = 1,100 lbs. 

The distance between these sections is 2*65 ft., and in this 
length there are approximately 5 wings, each having a cross- 
sectional area of about '12 sq. in. As these are inclined at 
45 degs. in the right direction the area may be increased in the 

proportion of V2 : 1, making a total area of 

5 X -12 X 1-41 = -84 sq. in. 

The stress in the steel = (7,200 - 1,100) -^- -84 = 7,300 lbs. 
per square inch, assuming all the shear stress to be resisted 
by these diagonal members. 



1<'IG. 96. — Section of Arch near 
Springing. 
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Akciied Rib Footbridge. 

An interesting example ol an arched bridge is shown in 
Figs. 97 and 98. These 
footbridges, for there are 
two of them, were con- 
structed for convenience 
as three-pin arches. The 
arched ribs, and the floor 
and steps supported by 
them, were constructed at 
a convenient site near by, 
and, after the elapse of at 
least four weeks, erected 

in position. The reason of ^ 

this was twofold. Firstly, ^ 

to do away with the neces- ■S 

sity of keeping centering h 

over the line for a eon- ■ * 

siderable period, and to •$ 

avoid raising the bridge in J 

order to provide room for ^ 

this centering. Secondly, t^ 

to obtain a structure which ^ 

it would be possible to h 

remove without completely 
destroying it in the process. 

The sides and roofing 
of the footbridges were 
constructed in situ. In 
tlie arched ribs vertical 
gas tube ferrules were east 
to form sockets for the 
reinforcing rods in the 
lower portion of the sides, 
which consisted of fine 

cement concrete rendering on Expanded Metal Lathing. 
Stiffening columns were formed at intervals by grouping four 
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rods together, and the top was finished with a concrete cill 
reinforced with two ^ in. diameter rods. This portion of the 
sides extends about 4 ft. up from the floor, and the upper 
part is glazed. The roof is of corrugated iron supported on 
timber beams and posts. 

The span of the arches between the centres of the pins at 
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Fig. 98.— Cross Section of Footbridge. 

the springings is 40 ft. 8 in., and the rise of the centre line at 
the crown is 4 ft. 10 in. There are no pins in the exact sense 
of the word, the bearings being in the form of a knuckle joint. 
The lower member at each abutment is made in two sections 
with chipping fillets to admit of adjustment. 

The contractor had the option of (a) erecting the ribs 
separately and constructing the floor between them on the 
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site, or (h) constructing the ribs and the floor between them, 
for each half of the bridge on one side. The weight of each 
unit to be lifted in the latter case, comprising the arched ribs, 
floor and steps, for the half span was estimated at 8^ tons. 
The first alternative was adopted in carrying out the work. 
The total dead load for the whole span is about 27*5 tons. 
The live load allowed for is 140 lbs. per super foot of floor 
and treads of steps. The abutments are partly of reinforced 
concrete resting upon mass concrete piers. 

Specification. 

*•' The cement concrete in piers and foundations to same " 
was specified ''to be composed of one measure of Portland 
cement, three measures of clean sharp sand, and six measures 
of the aggregate. The cement concrete in arched ribs, 
columns, floors, landings, and steps to be composed of one 
measure of Portland cement, two measures of clean sharp sand, 
and four measures of the aggregate. The aggregate in each 
case to consist of properly graded granite or hard close-grained 
stone, approved by the engineer, broken to pass through a 
screen with a 1 in. mesh in the case of the piers and Jin. mesh 
in the case of the reinforced concrete work, and retained in each 
case on a screen with a ^^ in. mesh, and to be washed if 
required by the engineer. 

" The proportions are to be accurately measured in a gauging 
box made for the purpose, and the concrete must be thoroughly 
mixed upon a close wooden platform to a quaking consistency, 
and must in all cases be well rammed round the steel rein- 
forcement. Great care must be taken that the steel reinforce- 
ment is not displaced." 

The shuttering for the concrete piers must not be less than 
2 ft. deep and 2 J in. in thickness, and they must be sufficiently 
strutted and supported so as to entirely prevent any bulging 
of the boards. The shuttering for the concrete beams, floors, 
landings, and steps must be of sufficient strength to carry the 
weight of the concrete without deflection, and in no case 
less than IJ in. in thickness. The shuttering for the sides of 

M 2 
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the concrete arched ribs and the boxings for columns must be 
properly strutted and of sufficient strength to prevent bulging, 
and provided with fillets to leave a chamfer on the edges of 
the work, as shown on the drawings. One side of each boxing 
is to be fixed in short lengths as the concreting proceeds. The 
timber used in the construction of all boxings and shuttering 
must be planed on the face in contact with the concrete, with 
edges shot and set with care to ensure a regular and even surface 
wherever the face of the concrete will be exposed to view. All 
boxings and shutterings are to be thoroughly cleaned, wetted, 
and properly limewashed, greased, covered with oil-paper, or 
treated with other approved method before use each time they 
are used. The contractor must supply 6 in. cube test blocks 
of the concrete as mixed for the work, and these will be tested 
from time to time by the engineer. The time at which the 
centering of the arched ribs and beams may be removed will 
be decided by the engineer from the results obtained. The 
vertical boxings and shuttering are not to be removed within 
48 hours from the time the whole of the concrete is laid in, 
and the centering for the concrete arched ribs and beams must 
not in any case be removed within 28 days from the time the 
concrete is laid in. The contractor may remove the shuttering 
to the floors, landings, and steps after 14 days from the time 
the concrete is laid in, provided that in so doing he does not 
interfere with the centering of the arched ribs and beams and 
supports to same. 

If any part of the reinforced concrete face work shows a rough 
or uneven surface when the shuttering, boxing, or centering 
is removed, such uneven portions must be immediately well 
washed over with thin grout composed of one measure of 
Portland cement to one measure of clean sharp sand 
carefully applied with a brush so as to entirely remove such 
rough or uneven surface, but if any part of the face of 
the piers shows a rough or uneven surface when the sheeting 
is removed, such uneven portions must be cut out wedge- 
shape in squares to a depth of 4 in. and refilled with concrete 
composed of two parts of granite chippings broken so as to 
pass in any direction through a ring f in. in internal diameter 
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to one of Portland cement, including only a suflQcient quantity 
of clean sharp sand to fill all cavities. The concrete piers 
must be carried out in regular courses parallel to the top 
sloping surface, not exceeding 2 ft. in height. Care must be 
taken that at the end of every stage in which the concrete 
may be allowed to set for more than two hours the front edges 
for a thickness of 4 in. shall be left to a perfectly straight 
line, the inner portion of the layer being left with a rough 
uneven surface sloped downw^ard from the faces, which must 
be thoroughly cleansed from all dirt and loose matter and 
well saturated with water before proceeding with the layer 
above. 

The reinforced concrete portion of each footbridge and its 
abutments consists of four parts or members connected together 
by cast-iron bearing pieces, and the whole of the concreting 
for any one member must, if possible, be completed during 
one continuous period in regular radial courses, and in the 
case of the columns regular level courses not exceeding 2 ft. 
in height. If at the end of any such stage it should be neces- 
sary to allow the concrete to set for more than two hours, 
before proceeding with the next stage the surface must be 
thoroughly cleansed from all dirt and loose matter, well 
saturated with water, and washed over with thin neat cement 
grout before proceeding with the layer above, and the top of 
the concrete piers must be similarly treated before the con- 
creting for the reinforced portion of the work is commenced. 

If the concrete for the landings or floors cannot be com- 
pleted at one time, the junction is to be made over the central 
concrete pier in the case of the landings, and over the centre 
of a beam in the case of the floors. The concrete where 
exposed to view and from 1 ft. below the surface of the ground 
must in all cases be finished with a fine face, great care being 
taken to see that the concrete ** fat " is well and continuously 
worked to the front by means of hoop iron swords. No broken 
stone must be allowed to appear on the face. The top surface 
of the arched ribs and other portions not in contact with 
shuttering, boxing, or centering must in all cases be finished 
with smooth and regular surfaces true to form. The concrete 
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walls, arched ribs, floors, steps and landings must be carefully 
protected from injury while setting. 

The fine cement concrete rendering on expanded metal 
lathing in partitions to the sides of footbridges is to be carried 
out in situ, and is to be composed of four measures of finely 
crushed granite passed through a sieve of | in. mesh and 
retained upon a sieve of -^^ in. mesh, and thoroughly washed, 
including a sufficient quantity of sand to fill all cavities, and 
one measure of Portland cement gauged and mixed in a similar 
manner to the cement concrete, but with a sufficient quantity 
of clean cowhair. 

The rendering is to be put on in two layers, and finished 
with smooth floated surfaces. 

The steel reinforcing rods must be kept under cover until 
required for use in the work, and must be free from oil, grease, 
dirt, and, except where otherwise specified, paint and all rust 
must be removed by thoroughly cleaning with wire brushes 
immediately before the concreting is carried out. All steel- 
rods must be firmly fixed to the centering by means of tem- 
porary templates, and to the cast-iron bearing pieces by means 
of tapered spikes, to ensure each part of the reinforcement 
remaining firmly in the position indicated for it on the 
drawings. No steel, except expanded metal lathing, is to 
have at any point less than 1 in. of concrete covering. The 
bars must in all cases be carefully bent to uniform curves, and 
where turned up must be set to a true angle of 45 degs. 
The prices in the schedule of quantities must include all 
royalties, necessary templates, sweeping to curves, fixing, and 
tightly binding with wire at intersections and overlaps, and 
fixing with tapered spikes to cast-iron bearing pieces, and all 
cleaning. 

The expanded metal lathing for partitions to sides of foot- 
bridges to be tightly bound with annealed wire to the round 
rod reinforcement. Temporary supports to be placed hori- 
zontally on one side of the partition, while the reverse side is 
being rendered and allowed to set. The steel reinforcement 
for partition work is to be thoroughly cleaned with wire brushes 
and afterwards immediately painted one coat of red lead paint. 
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Bending Moments and Reactions. 

The calculation of the maximum stresses in arches of this 
kind is comparatively simple, because the section is constant 
throughout and the curvature sufiSciently flat to justify the 
assumption that the centre line follows a parabola instead of a 
circular arc. After erection the clearances between the various 
members were grouted up, so that the structure can scarcely 
be assumed to act as a three-pin arch, in so far as live load 
stresses are concerned. The actual condition of the ends is 
partial fixture, and the only reliable method of procedure was 
to make the ribs of sufficient strength to resist at all points 




Fig. 99.— Three-piu Arch. 

the maximum stresses as calculated on the basis of (a) a three- 
pin structure, and (b) an arch with fixed ends. When a 
parabolic arch is completely covered with a uniformly dis- 
tributed live load in addition to the dead load which is prac- 
tically uniformly distributed, the line of pressure for all 
practical purposes coincides with the centre line of the arch, 
no matter whether there are two or three pins or fixed ends. 
The rib is then in simple compression. The bending stresses 
caused by unsymmetrical loading will in general be a maximum 
when one half of the arch is covered with live load and the 
other half unloaded. In the simplest case of the three-hinged 
arch the line of pressure corresponding to this condition of 
live load will be obtained as follows : — In Fig. 99, AB being 
the loaded half of the arch, join CB, and produce to cut a 
vertical line through the centre of the load at D, This will be 
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at one quarter of the span. Join AD, The line of pressure 
is completed by constructing a parabola with AD and DB as 
tangents at A and B, and is shown by the full line in Fig. 99. 

For a two-pin arch the line of resultant pressure will be 
similar in form, but it is not at first sight certain that it will 
pass through the centre line of the arch at the crown. If, 
however, the right-hand half of the arch be loaded in place of the 
left, the line of pressure will be shown by the dotted line. 
These two combined together must give as a resultant the line 
of pressure due to the completely loaded arch which coincides 
with the centre line ; and, therefore, for the two-pin arch the 
line of thrust for the arch half loaded must intersect the centre 
line at the crown of the arch. 

Also the maximum sagging moment which occurs at the 
centre of the loaded half of the arch, and is represented by FGy 
must equal the maximum hogging moment occurring at the 
centre of the unloaded half, represented by HJ, This also 
follows from the property of the parabola ; for 

1 3 

FE and EM being each equal to ^ v and GM equal to t r, 

FG and HJ will each be equal to j i'- The vertical com- 

3 

ponents of the reactions Bi and B2 are respectively j W and 

- IF, and the horizontal component throughout the arch, H, is 

equal io J W X c -^ r, W being the total load on half the arch, 

c the half span, and v the rise of the centre line of the arch. 
The maximum sagging and hogging moments referred to above 
will therefore equal 



QirxcH-..)xi. = i 



16 "■'■ 

In the case of the fixed end arch, by the same reasoning, the 
line of thrust for the same condition of loading must intersect 
the centre line of the crown, and referring to Fig. 100, 
ordinate AP at the left abutment must be equal to the ordi- 
nate CQ at the right abutment. The value of AP is, however, 
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unknown and must be worked out from the properties of an 
elastic arch with fixed ends to which reference has already been 
made. 

This can be done in general terms applying to any parabola, 



V 



the value of AP or CQ being j or one quarter of the rise of 

the centre line of the arch, and the line of resultant thrust will 
therefore cut the centre line of the arch at points marking the 
quarter of each half span. The value of the bending moments 



/^- ^ 




Fig. 100.— Fixed End Arch. 

at J and G are readily ascertained from the properties of the 
parabola and equal -^ vH. 

Similarly the values of the reactions Ri and -K2 and the 
horizontal thrust mav be determined 



Thus, 






4t' ' 
The maximum bending moment at the springing is therefore 

4r ^ 4 - 16 '^''' 
and at points J and G (Fig. 100), 

4f ^ 64 ~ 256 
It is thus seen that in the fixed end arch the maximum 
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bending moment for this condition of loading is the same as 
in the two-hinged arch, the difference being that in the former 
case the maximum occurs at the springings, and in the latter 
at the quarter spans. In the footbridges illustrated in Figs. 97 
and 98 the section of the arched ribs was made constant through- 
out and suflficiently strong to resist this maximum bending- 
moment of ^q Wc in addition to the maximum direct com-- 
pression. This will appear from the calculations which follow. 
The section of one rib showing the reinforcement which 
consisted of Patent Indented Bars appears in Fig. 101. 

Calculation of Stresses. 

Span between centres of pins, 40 ft. 8 in. 
Rise between centres of pins, 4 ft. 10 in. 
Width of one rib, 9 in. 
Effective depth, 18*5 in. 
Overall depth, 21 in. 

Area of reinforcement near each surface = 2 X '25 = '5 
sq. in. 

^ , -5 X 100 .^ , 

Percentage = q ^^^^ = 3 per cent. 

Total area of reinforcement = 2 X '5 + 2 X '06 = 1*12 sq. 
in. 
Effective area resisting direct compression 

= (9 X 21 + 14 X 1-12) = 205 sq. in. 
Dead load on one rib 

Rib 42-5 X '75 X 1*75 X 156 lbs. = 8,700 

Floor 22 X 3 X -4 X 156 lbs. = 4,120 

Steps 18 X 3 X -5 X 156 lbs. = 4,210 

Beams 3 X '75 X 56 X 156 lbs. = 1,960 

Total amount for erection purposes 18,990 

Parapet 40*7 X 4*2 X 35 lbs. = 5,990 

Glazed sides 407 X 80 lbs. = 3,260 

Roofing and snow 40*7 X 4-5 X 13 lbs. = 2,380 

30,620 lbs. 
Live load on half span 20*4 X 3 X 140 lbs. = 8,570 lbs. 
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Horizontal thrust due to dead load 

30,620 X 40-7 



= 32,500 lbs. 



8 X 4-8 
Horizontal thrust due to live load 

I X 8,570 X 20-4 -^ 4*8 = 9,080 lbs. 
Total horizontal thrust 41,580 lbs. 

Maximum bending moment = ^^ X 8,570 X 204 = 10,900 
ft. lbs. = 131,000 in. lbs. 
Total shear at quarter span 

^^ + I X ^ X 8,570 = 11,940 lbs. 
4 o 4 

Magnitude of resultant thrust at this point 

V41,5802 + 11,9402 = 43,300 lbs. 

43 300 

Direct compression stress in concrete = ' ^ = 210 lbs. 

per square inch. 

Direct compression stress in steel = 15 x 210 = 3,200 lbs. 
per square inch. 

Moment of resistance to bending 

= -135 X 9 X 18-5*^ X fc = 131,000 in. lbs. (Fig. 15.) 
Maximum compression stress in concrete due to bending 

131,000 -ir -135 X 9 X 18-52 = 315 lbs. per square inch. 
Maximum tensile stress in steel due to bending 

46-6 X 315 = 14,700 lbs. per square inch (Fig. 15). 

Total compression stress in concrete 315 

210 



525 lbs. per square inch. 

Nett tensile stress in steel 14,700 

3,200 

11,500 lbs. per square inch. 

The only shear stress is that due to the variation in the 
bending stresses. Assuming the ends of the rib to be fixed, and 
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therefore the maximum stress due to bending to occur at the 
ends, 14,700 lbs. per square inch tensile stress is developed in a 
length of 20-4 -=-4 = 5-1 ft. = 61 in. 

Total stress in steel = '5 X 14,700 = 7,350 lbs. 

Bond stress 7,350 -^ (61 X 2 X 2) = 30 lbs. per square inch. 

In a length of 5 ft. there are six of the bracing members shown 
in Fig. 101, presenting a total cross sectional area in a plane 
parallel to the neutral axis of 6 X 2 X '06 = '7 sq. in. 

Assuming the steel to resist all 
the shear stress the intensity of 
shear stress is 

7,350 -r- -7 = 10,500 lbs. per 
square inch. 

The spacing of these lateral 
members is also dependent upon 
obtaining an eflBcient cage to 
resist the bursting tendency of 
the concrete under compression. 
The maximum tensile stress 
in the steel is rather low, but 
during erection the ribs and the 
floor between them were liable 
to be picked up by means of a 
pair of lifting eyes one to each 
rib, and suflQcient reinforcement 
had to be provided to meet this 
condition of a double cantilever. 
The tensile reinforcement in the 
neighbourhood of the lifting eyes, where the maximum 
stresses occur during erection, is augmented by the f in. 
diameter rod in which the eye is formed and which is 
continued in each direction for a sufficient distance near the 
top surface and then turned down into the rib. It will be seen 
from the elevation (Fig. 97) that the floor is near the top of 
the rib at this point, and the longitudinal reinforcement 
of the floor also helps to rest the tensile stresses during 
erection. 
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Fig. 101. — Section of Arched Eib. 
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Maximum Erection Stresses. 

Area of tensile reinforcement at lifting eye. 
(2) j" Indented bars = -5 
(1) I" round rod = '44 

say (1) §" „ „ in floor = -11 

1-05 



Percentage of reinforcement zr^^ ^ = '6 per cent. 



>> 



„ compression reinforcement = '3 per cent. 
Maximum bending moment (one rib) 

18,990 ^ 40-7 ^. .^,, „ 
— -. — X -5— = 24,100 ft. lbs. 
4 8 

= 289,000 in. lbs. 

Moment of resistance = '17 X 9 X 18 -5^ Xj]. 

Maximum compression stress in concrete = -zr^ ^ — v-;^ 

^ -17 X 9 X 18-52 

= 550 lbs. per square inch. 

Maximum tensile stress in steel = 31*7 X 550 = 17,400 lbs. 

per square inch. 

Concentrated Loads. 

The stress due to concentrated loads is very easily determined 
in the case of a flat arch with fixed ends. In Fig. 102 POQ 
is the line of resultant thrust due to the load at 0, and is 
fixed by the values 

JiJr = 3-z- X Y~ X r, 

15 c — b 

M0=: |r. 
5 

^^ = 15 ^ ^T~^ ^ ""* 
When AP is negative, it is measured below the springing 
line, and it will be seen that MO is independent of h, the dis- 
tance of the load from the centre of the span, and therefore the 

point will always lie on a horizontal line ^ v above the 
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centre line at the crown. Any given load produces a maximum 
bending moment in the arched rib wlien h = '4:6c and to 
obtain the worst result from a system of concentrated loads 
these should be placed on half the span with this position 
as a centre. The horizontal component of the thrust due to 




Fig. 102. — Fixed End Arch with Concentrated Load. 

a concentrated load W, is 15W {c^ — h^ -^ 32rc^ and the 
reactions will be obtained from the relations : — 

Bi __ MO - AP 
II c — h' 

Ih ^ MO - CQ. 
H r + b 

To simplify the determination of the different values, the 
curves in Fig. 103 and Fig. 104 have been plotted. The 
ordinates in Fig. 103, when multiplied by ?*, give the value of 
AP (i/i) and CQ {1/2) for varying ratios of b -i- c. In Fig. 104 
the values of ?/2 are plotted to 10 times the scale and in 
addition are two curves for finding the value of Hi, the hori- 
zontal thrust, and 7^2, the smaller reaction. To obtain the 
horizontal thrust for any required value oib -^ c the ordinate of 

Wc 
the curve marked II must be multiplied by — , and to obtain 

the reaction B2 the ordinate of the curve so marked has to be 
multiplied by W, If there are several concentrated loads the 
location of the thrust line and the magnitude of the horizontal 
component may be determined for each singly, and the 
resultant thrust line plotted, and the magnitude of the 
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I. lO'i. — Curve Determining the Line of Thrust for Concentrated Load. 
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combined horizontal component ascertained, by the ordinary 
rules for finding the resultant of two or more coplanar 
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Fig. 104. — Horizontal Thrust and Vertical Reaction for Concentrated Load. 

forces, the positions and horizontal components of which are 
known.* 

* The Author's article, ** Steel Arched Ribs for Railway Bridges," in 
The Engineer y December 9th, 1910. 
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Examples of Arched Bridges. 

The footbridge over the London and South Western Rail- 
way at Bollo Lane, illustrated in Figs. 105 and 106, presents 
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another example of arched construction. This bridge is of 
Hennebique ferro concrete and presents a pleasing appearance. 
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The main dimensions appear on the elevation and enlarged 
cross section. 

The bridge illustrated in Figs. 107 and 108, also of Henne- 
bique ferro concrete, enjoys the distinction of being the first 
reinforced concrete bridge to be passed by the Board of Trade 
for passenger service. This bridge is under the Avonmouth 
and Filton Railway, Great Western Railway, and is built for a 
double line of rails. The span is 24 ft. and the thickness of 
the arch 8 in. at the crown and 14 in. at the springings. 
The counterforts to the abutments are about 7 ft. apart and 
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Fig. 106. — Footbridge at Bollo Lane. Cross Section of Superstructure. 

the thickness of the w^alls is 7 in. The abutments are founded 
upon 14-in. piles and are connected together below ground 
level by three 9-in. X 12-in. tie beams. The bridge was 
designed for 80-ton locomotives and carries in addition a con- 
siderable amount of filling. 

In another type of arched bridge which has been largely 
used the floor is constructed as a deck, consisting of slabs and 
beams, supported by columns resting on two or more lurched 
ribs. Several large spans have been constructed in this way, 
resulting in structures distinctly pleasing in appearance. 
There is a bridge of this type carrying an occupation road 
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over the Cheshire Lines Committee's main line from 
Liverpool to Manchester at Farnworth. The clear span of the 
arches is 57 ft. and the rise 8 ft. 3 in. The road is 12 ft. wide 
between parapets and there are three ribs. The depth of 
these is 2 ft. at the crown and 2 ft. 4 in. at the springings, 
and the width is 12 in. in the case of the outside ribs, 
and 14 in. in the case of the centre rib. The columns are 



Rail Level 



Formation Level 




Fig. 107.— Underbridge, Avonmouth and Filton Eailway. 

Longitudinal Section. 

12 in. X 9 in. generally and the end posts 12 in. square. The 
deck beams are 15 in. deep overall X 12 in. wide and the 
slab floor 10 in. thick overall. The reinforcement consists of 
Kahn Trussed Bars and Kahn Rib Bars, and the proportions 
of the concrete constituents in the order Portland cement, 
sand, granite chippings are \ \ \\ \ 3J. The parapets are of 
reinforced concrete, and the abutments of mass concrete faced 
with masonry. The bridge is shown in outline in Fig. 109. 

N 2 
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Culverts. 

Concrete tubes are now used for a variety of purposes, not 
only as drainage pipes and culverts but also in the construc- 
tion of manboles, cesspits, &.c., in connection with these 




Fia. 109. — Eoad Bridjje at Farnworth. Cheshire Lines Committee. 



and drainage systems generally. For the small tubes 
reinforcement is not found to be necessary, and in larger cul- 
verts constructed in situ it is generally more economical to 



Fla. 110.— Kilton Culvert, North Eastern Railway. 

increase the thickness of the concrete rather than obtain 
additional strength by reinforcement. Larger tubes moulded 
elsewhere are usually reinforced, and attention has already 
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been called to the need for longitudinal reinforcement in long 
culverts constructed in situ. Some large culverts have been 
constructed, through railway banks, in reinforced concrete. The 
section of one of these, at Kilton, on the North Eastern Rail- 
way, is shown in Fig. 110. This culvert is 435 ft. in length, of 
which 275 ft. in the middle is of the section shown. Towards 
the end the thickness at the crown diminishes 2 in. at a 
time to 12 in. at the inlet and outlet, and the thickness at A" 
similarly diminishes to 1 ft. 9 in. at the ends. The reinforce- 
ment consists principally of Kahn Trussed Bars, and the sizes 
and the spacing of these are indicated on the section. At the 
end the spacing of the bars is increased considerably. 



CHAPTER IX 

sleepers, fence posts, &c. 

Sleepers. 

At present the use of reinforced concrete sleepers in this 
country can only be regarded as experimental. There is 
considerable difficulty in the first place in designing a sleeper 
of sufficient strength if the depth is not to exceed that of the 
standard wooden sleeper, namely, 5 in., and the amount of 
metal required creates further difficulty in providing the holes 
for spikes and screws. In America and on the Continent 
reinforced concrete sleepers have been tried with more success, 
possibly on account of the greater depth employed, 8 in. in 
some cases, and also because the use of fiat-bottomed rails 
simplifies the fastenings. The sleepers which have been tried 
in this country are rather more costly in the first place than 
wooden sleepers and about three times as heavy. Their 
weight, about 3J cwt. each, or nearly 4J cwt. when two chairs 
are added, makes them extremely difficult to handle. Unless 
they remain perfectly sound under traffic their one advantage 
is lost, and the difficulty of turning out sleepers in large 
numbers at the lowest possible cost, and at the same time 
maintaining uniform perfection of workmanship, would 
appear to be very great. Unless this last point is observed 
it is certain that under the punishment of express traffic 
sooner or later cracks will appear, and the concrete will begin 
to break away and the reinforcement will be exposed to 
corrosion. In attempting to design a sleeper of a depth not 
greater than 5 in. it is necessary to bring the steel as near to 
the surface as possible, and this introduces the danger that in 
the process of manufacture the reinforcement may either 
come into actual contact with the mould or else be so near 
the surface that a crack is formed immediately the sleeper 
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is subjected to load and vibration. Sufficient experience has 
been obtained to show that very great care will have to be 
exercised in the design of a successful reinforced concrete 
sleeper, and in order to reduce the cost and the weight to the 
absolute safe minimum the materials must be disposed in the 
best possible way. 

Loads. 

This opens up the interesting problem of determining the 
nature and the amount of the stresses produced in a sleeper 
under traffic. The first point to determine is the maximum 
amount of load transmitted to the ballast by one sleeper when 
the heaviest engines are passing over the track. This depends 
upon the stiffness of the rail and the amount of the depression 
of the sleeper into the ballast. The author has carefully 
observed this depression, which is quite visible, both for 
wooden sleepers and for reinforced concrete sleepers. The 
observations were made by gumming strips of paper, ruled 
with divisions one-tenth of an inch apart, to the web of the rail 
at points as near to the centre of the sleepers as the chairs 
would allow, and reading the maximum movement under 
traffic, relatively to the cross hair in a telescope, set up some 
20 or 30 ft. away and focussed upon the paper strip. In thecase 
of a line laid with rails of British standard section and weigh- 
ing 95 lb. per lineal yard, and reinforced concrete sleepers, as 
shown in Fig. 115, and 2 ft. 6 in. apart, the maximum depres- 
sion was in most cases '08 in., the lowest reading being '06 in. 
and the highest '09 in. There was no appreciable difference 
between sleepers adjacent to a joint in the rails, and the 
ordinary sleepers, and none between the observations made on 
a low bank as against those made in a shallow cutting. With 
wooden sleepers the results were not so uniform, but the 
average maximum reading was '16 in. As the result of a 
careful analysis* the author concludes that under four-coupled 
engines, with 20 tons on each coupled axle, and six-coupled 
engines, with 15 tons on each of the coupled axles, the maximum 

* ** Stresses in Eail Sleepers,*' The Engineering Review ^ December 15th, 
1911. 



SLEEPERS, FENCE POSTS, &c. 185 

load carried by one sleeper will not exceed 10 tons. Although 
in actual practice the loads are applied to and withdrawn 
from a sleeper perhaps ten times in one second, the influence 
of a wheel load upon any particular sleeper is felt before the 
load reaches that sleeper, so that the effect produced is that of 
a load increasing from zero to its full value. 

In observing the depressions, it was not possible for the eye 
to pick out the rapidly repeated effect of each wheel of the 
engine, but the maximum movement could readily be gauged. 
Most of the trains were made up of long bogie coaches ; the 
result being sets of four axles alternating with long spaces. 
As these spaces came opposite the sleeper under observation the 
rail could be seen to recover its position, and as each cluster of 
wheels passed over, a maximum depression was observed in 
some cases equal to that produced by the engine. In other 
cases the subsequent depressions were not so great, depending 
probably upon the extent to which the passage of the loads 
synchronised with the vibrations set up in the rail. These, 
however, are evidently speedily damped, because almost 
immediately after the passage of the train the rail came to 
rest in its original position. In observing the deflections of 
bridge girders, also it is noticeable that the deflection due to 
an engine passing over at speed is not much, and not always 
any more than that due to the engine at rest, so that in deter- 
mining the effect of moving loads upon permanent way it is 
probably more correct to consider the loads as gradually 
attaining their full value rather than as suddenly applied. 

The importance of the point lies in the fact that a load 
applied at its full value before any resistance is set up would 
depress the sleeper into the ballast, if the latter were subject 
to elastic compression directly proportional to the resistance 
set up, just twice as much as a load gradually applied ; and 
the maximum pressure on the under side of the sleeper tvould be 
just tivice as great as the applied load. 

The observations described, however, would not appear to 
indicate that this effect is produced, and from the cases 
considered it seems reasonable to suppose that the maximum 
load on one sleeper does not exceed 10 tons, that is 5 tons 
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from each rail. It must }wt he forgotten, however, tlmt this is 
**live'* load directly applied to the- member under consideration. 

Stresses in Memel Sleeper. 

The stresses which these loads will produce in a sleeper 
must of necessity be largely dependent on the manner in which 
the sleeper is bedded on the ballast. The usual practice with 
wooden sleepers is to pack the finer material under the chairs 
with the " beater," or flat end of the pick, for a space of about 
20 in. on either side of each rail, until the sleeper is firmly 
embedded, and to tightly pack the remainder, that is, about 
6 in. at each end, and about 18 in. in the middle, with the 
shovel. 

This is done with the object of preventing the sleeper taking 
a decided bearing at the ends or at the middle. 

The maximum depression of a wooden sleeper has been 
observed to be about '16 in., whereas the net deflection of the 
sleeper under the rail with reference to the middle and the ends, 
to secure distribution of a load of 10 tons over the whole length 
of the sleeper would be about '03 in. It is evident, therefore, that 
the whole of the sleeper must be depressed into the ballast, 
and therefore the whole of the under side of the sleeper must 
be subjected to pressure. The problem is to determine the 
distribution of this pressure, and from this the stresses produced 
in the sleeper. If the assumption that the resistance to 
depression offered by the ballast is directly proportional to the 
amount of depression is correct ; and further, if the distribu- 
tion of resisting pressure, which will cause at all points a 
depression directly proportional to the pressure at the point, 
can be found, then the problem is solved. It is known that 
the depression at the ends and at the middle of a standard 

wooden sleeper will be about ( ^^71 — ) = Tfi^^® ^^ ^^^ 

under the rails, and therefore the resistance at the ends of the 

13 

sleeper and at the middle will be about y^ths of that im- 
mediately under the rails. The sinuous curve representing 
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the distribution of pressure in Fig. Ill, has been drawn to 
secure this relation and at the same time give a total pressure 
on the under side of the sleeper of 10 tons. The average 
pressure per foot on a sleeper 9 ft. long being 1*11 tons, that 

at the end and middle has been taken at (tjt^ ^ I'll) about 

1 ton per foot, while under the rail the pressure per foot has been 

assumed to be [ttt^ X 1*11 ) about 1*22 tons. The applied load 

of 5 tons at each rail is shown uniformly distributed over the 




Fig. 111. — Bending Moment Diagram, &c., for Memel Sleeper. 

length of a chair 14 in. From this load diagram a shear 
diagram may be obtained by graphic integration, and the 
bending moment diagram may be obtained from the shear 
diagram by a similar process. For instance, working from 
the end of the sleeper where the shear and the bending 
moment are each known to be zero, the ordinate 6f any point 
on the shear diagram is the area of the load diagram to the 
left of the point, areas above the datum being counted positive, 
and areas below the datum negative. When the middle of 
the sleeper is reached, the shear is found to be zero, because 
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the positive and negative loads balance. Similarly, any point 
on the bending moment diagram is obtained by taking the 
area of the shear diagram to the left of the point considered, 
and at the centre of the sleeper there is found to be a negative 
or upward bending moment. The scales originally adopted 
were 1 in. equals 1 ft. for length, and 1 sq. in. equals 1 ton for 
load, and the bending moment diagram was plotted to a 
vertical scale of 1 in. equals 1 ft. ton. The diagrams are 
reproduced in Fig. Ill about half this size. By continuing 
the process of integration the slope of the bent sleeper and 
the net deflection at any point is obtained, but to secure 
actual results the ordinates of these diagrams must be divided 
by the modulus of elasticity of the material, and the moment 
of inertia of the section reduced to feet and ton units. In 
proceeding from the slope diagram to the deflection diagram 
it is necessary to change the datum from AB to A^B^ equiva- 
lent to adding a constant in the process of integration.* This 
can readily be done, because the sleeper is known to be 
horizontal at the middle, and the curve will therefore intersect 
the true datum A^B^ at this point. The maximum ordinate of 
the deflection curve is 1*6 ft. ton units. The modulus of 
elasticity of fir is about 130,000 tons per square foot, and the 
moment of inertia of the section of a 10-in. X 5-in. sleeper is 

1 in / ^ \ 3 

ll ^ I^ ^ IS) "^ '^^^^ ^^' ^^^^^^' 

The maximum net deflection of the sleeper under the chair 
with reference to the end is therefore 

1-6 -^ (130,000 X -0050) = -0025 ft. 

= -03 in. 

The value assumed for the maximum net deflection of the 
sleeper is thus justified by this result, and, as a means of com- 
paring the depression of the sleeper at other points with the 
resistance assumed, the two are plotted side by side^to suitable 
scales. It will be seen that the dotted line, which shows the 
position of the depressed sleeper relatively to the datum AB, 
scarcely departs from the pressure diagram, showing that with 
the distribution of pressure represented by this diagram. 
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the condition that the depression shall be proportional to the 
resistance offered is fulfilled. 

The maximum bending moment which occurs under the 
chair is 1*45 ft. tons, or 17*4 in. tons. The modulus of the 
section of a 10-in. X 5-in. sleeper deducting two ^ths in. holes 
is 

I X 8-25 X 6^ =r 34-4 in. units, 
b 

resulting in a maximum fibre stress of 

17*4 -T- 34*4 = '5 ton per square inch. 

This gives a factor of safety of about 4. The maximum shear 
is 2 tons, and as there are no holes where this occurs the 
average shear stress per square inch of section is 2 -f- 50 = '04 
tons per square inch, equivalent to a maximum shear stress 
at the neutral axis of '06 tons per square inch. This gives a 
factor of safety along the grain of about 4*7. The maximum 
pressure on the ballast is 1*22 tons per lineal foot, or for 
a sleeper 10 in. wide, 1*46 tons per square foot. The diagrams 
shown in Fig. Ill were not obtained at the first trial. In 
the first instance, a distribution of pressure varying from about 
•9 tons per lineal foot at the ends and middle to 1*3 tons per 
lineal foot under the chairs was adopted. The bending 
moment diagram obtained varied scarcely at all from that given 
in Fig. Ill, but the resulting deflection curve did not agree 
with the assumed distribution of pressure, which was corrected 
accordingly. 

Mention is made of this to show that the result would not 
be greatly affected if in practice the relation between the 
depression and the pressure was somewhat different from 
that assumed. 

The upward bending moment at the middle of the 
sleeper of I'l ft. tons is not very much less than the down- 
ward bending moments under the chairs, and it is here 
that the direct stresses are most likely to be increased by 
secondary stresses due to vibration. It is therefore very 
essential to avoid all possibility of the sleeper taking any 
bearing at the centre in the nature of a fulcrum, especially 
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with reinforced concrete sleepers which are generally reduced 
in section throughout the middle portion of their length. 
For this reason it is common practice with such sleepers to 
pack the ballast only under the chair-seats or widened por- 
tions leaving the ballast quite slack at the centre, or even 
raking it out, until there is a clear space of an inch or so 
between the under side of the sleeper and the ballast 
beneath it. 

Stresses in Reinforced Concrete Sleepers. 

A reinforced concrete sleeper intended to be packed in 
this way is shown in Fig. 112, the chair-seats being 3 ft. 
long and packed throughout this length, and the space 
between them not packed, 2 ft. long. The dotted line shows 

Fig. 112. — Keinforced Concrete Sleeper. 

to an exaggerated scale the form taken by the sleeper when 
loaded. The resistance to bending offered by the middle 
portion causes the sleeper to bear more heavily on the ballast 
inside the rails than outside, as indicated by the pressure 
diagram in Fig. 113. The distribution shown in this figure 
was obtained by the process of making a trial shot to 
determine the form of the depressed sleeper and amending 
the pressure diagram to agree with it. 

From this amended pressure line the diagrams in Fig. 118 
were obtained by successive integration as before, and it will 
be seen that the form of the depressed sleeper shown by the 
dotted line agrees sufficiently closely with the pressure diagram 
to secure practical fulfilment of the straight line relation 
between depression and pressure. In passing from the bending 
moment diagram to that giving the slope of the bent sleeper 
it was necessary to make a correction for the reduced moment 
of inertia of the section of the sleeper at the middle. The 
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maximum downward bending moment under the chairs with 
this method of packing is '97 ft. tons, as compared with the 
maximum of 1*45 ft. tons obtained with a sleeper 9 ft. long 
packed throughout its length. 

The upward bending moment at the centre is only '2 ft. 
tons and considerably less than the maximum of 1*1 ft. tons 
in the previous case. The maximum shear is also less, being 
1*55 tons as compared with 2*0 tons. The pressure per 
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Fig. 113. — Bending Moment Diagram, &c., for Beinforced Concrete 

Sleeper. 

lineal foot on the ballast is more, the maximum being 1*75 tons 
as compared with 1*22 tons in the previous case. It is not 
probable, or even possible, that with nothing to guide him 
tlie platelayer will accurately pack an equal distance on either 
side of the chair, and it is interesting to see what is the effect 
if the packing is carried farther on the insides of the rails 
than on the outsides, and vice versa. 

In Fig. 114 the full line shows the bending moment diagram 
obtained in Fig. 113. The thick lines indicate the extent of 
packing, namely, 3 ft. under each chair. 

The dotted line above the full line shows how the bending 
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moments are influenced if the packing is carried about 2J in. 
further on the outsides of the rails and restricted about 

hi fh tons ' 
/y^^-97fUons 





^,^ -.^^ *»^ ^^ tons 

Fig. 114. — Eesult of Variation in Packing. 

2| in. on the insides. Under this condition there is no 
upward bending moment at the middle of the sleeper, and the 
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Fig. Ho. — Improved Construction Company's Sleeper. 

maximum downward bending moment under the chairs is 
increased from '97 ft. tons to 1*1 ffc. tons. The lower dotted 
line shows the bending moment diagram obtained if the packing 
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IS carried about 2 J in. further on the insides and restricted 
by equal amounts on the outsides. In this case the upward 
bending moment at the centre is increased to "5 ft. tons. In 
order to define the area which it is intended should be packed 
the chair-seats are sometimes made to project below the middle 
portion of the sleeper as shown in Fig. 112, this being one of 
the many improvements in concrete sleepers protected by 
patent in this country. 

Mention has been made of the secondary stresses which may 
be produced, particularly in the middle part of the sleeper by 
vibration. But even when a clear space is maintained beneath 
the sleepers at the middle it is usual to fill up with ballast 
between the sleepers, and this ballast bearing on the sides must 
tend to quickly damp vibrations and confine them within a 
limited amplitude. 

As the ordinary fir sleepers appear to have a factor of safety 
of about 4 it would seem to be reasonable to design 
reinforced concrete sleepers on similar lines, and the theoretical 
strength of the examples shown in Figs. 115 and 116 is 
approximately in accordance with this standard. 

Examples of Eeinforced Concrete Sleepers. 

Fig. 115 shows the details of a sleeper manufactured by the 
Improved Construction Co. Ltd. by the Jagger process on 
oscillating and vibrating tables. It is claimed that this process 
ensures absolute homogeneity of the concrete, and contact of 
the latter with the steel and the fine appearance of sleepers 
manufactured in this way proves how perfectly the concrete 
fills the mould. It is also possible to do with much less 
cement and sand than in the case of hand or ordinary 
machine mixed concrete, because the vibratory motion of the 
table brings the particles of the aggregate into such close 
contact that the percentage of voids is very much decreased, 
and any excess of mortar, if used, would be brought to the 
surface by the action of the machine. The average composi- 
tion of the concrete as mixed on these tables is 1 part of 
cement, 2 parts of close grained sand, and from 4 to 5 

R.S. o 
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parts are broken stone. The weight of one of these sleepers 
for 4 ft. 8| in. gauge is 3J cwt. including 35 lbs. of steel. 
The longitudinal round rods shown in the section are ^ in, 
diameter and the longitudinal lattice bracing rods are of the 
same size. Wooden ferrules are driven into holes moulded in the 
sleeper to receive the spikes and screws for fastening the chairs. 
These sleepers have been considerably used on the Continent 
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Fig. 116. — WoUe's Asbeston Sleeper. 

and have been tried experimentally on some of the main lines 
in this country. 

Fig. 116 shows the design of a sleeper manufactured by 
Herr Rudolf Wolle of Zurich, which has been used in Saxony. 
One of the characteristics is the incorporation of two blocks 
of a material called " Asbeston," one under each rail seat, to 
receive the spikes or screws. This is found to secure a very 
satisfactory fastening. The asbeston practically becomes a 
part of the concrete sleeper, and greater force is required to 
withdraw spikes from this material than from timber. The 
gauge is 4 ft. 8 J in. and the length of the sleeper 8 ft. 10 in. 
The width of the bearing surface is 9J in. throughout, but 
the width of the rail seat is only 63^ in., flat bottomed rails 
being used. The depth is 7| in. and it is this increased depth 
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which enables the sleeper to be designed with a comparatively 

small amount of reinforcement, leaving room for the ** asbeston " 

blocks, the extent of which 

is shown in the elevation. ^^"^ 

The weight of one of these '^^^ 

sleepers is 3*8 cwt. including 

28 lbs. of reinforcement. This 

consists mainly of five larger 

rods rather more than ^ of 

an inch in diameter and six 

smaller rods rather more 

f ^^STdia.corc 



lof/'^ 



^■^^•■W^^w^ 



L I 

Fig. 119.— Mile Post. 



than ^jr of an inch in diameter. Under the chair-seats two 
of the larger rods dip down from the top to the bottom of the 
sleeper. At these points the proportion of the bottom or 
tension reinforcement is IJ per cent, of the effective cross- 
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sectional area, and the proportion of the top or compression 
reinforcement is *5 per cent, of the effective area. In the 
shallower sleeper illustrated in Fig. 115, under the chair- 
seats, these proportions are IJ per cent, and | per cent, 
respectively. 

Posts for Fences, &c. 

Fences consisting of reinforced concrete posts and seven or 
eight strands of strained wire are being used more and more 
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Fig. 120.— Gradient Post. 

for railway purposes. The first cost is very little above that of 
the usual post and rail wooden fencing, and the result is more 
lasting, at any rate in so far as the posts are concerned. A 
type of fence in common use is shown in Fig. 117, this being a 
registered design of Mr. E. F. W. Grimshaw. The straining 
post shown is suitable for the commencement or end of a line 
of fencing. In the case of intermediate straining posts, the 



198 REINFORCED CONCRETE RAILWAY STRUCTURES 

struts are frequently omitted and two posts linked together at 
the top by steel straps with the winders between them. Wires 
of from ^ in. to y^^y in. diameter are used to reinforce these 
posts, four of the larger size being used for the straining and 
main posts and the smaller size for the "prick" posts, bound 
together at intervals with wires of about J in. diameter. The 
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121. — Units for Chimney Construction. 

use of reinforced concrete posts is not confined to boundary 
fencing. 

Cattle-pens have been constructed with posts of this material 
used in conjunction with gas tube railings. Fig. 118 shows a 
gate post which is of square section with a hollow core. These 
are frequently used for field gates, and accommodation level- 
crossing gates. On some of the more recently constructed 
lines reinforced concrete mile and gradient posts have been 
employed and examples of these are illustrated in Figs. 119 
and 120. They are practically everlasting and require less 
paintingj and possess a great advantage over wooden posts, 
which are bound to rot in time below the ground line. 
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Chimneys. 

The advent of electric traction on our railways brings 
the building of power stations and the necessary chimneys 
within the practice of the railway engineer. Reinforced 
concrete chimneys constructed in situ have not proved 
successful on account of the liability to crack under the great 
heat. An ingenious method of building chimneys of specially 
shaped concrete units, which permit of the structure as a whole 
being suitably reinforced with steel, has however been 
devised. 

The blocks are shaped and put together as shown in Fig. 121. 
The spaces or clearances at the angles which are filled in with 
concrete serve a two-fold purpose. They provide chases for 
the vertical reinforcement near the outside of the chimney where 
this is most required, and the means for obtaining the battered 
faces without the necessity of specially shaping each block. 
The blocks are reinforced in themselves and the bed joints are 
grooved to accommodate continuous horizontal bars. These 
are connected by loops to the vertical reinforcement, and the 
whole structure is thus completely reinforced. The vertical 
ribs formed by the rounded covers to the angles give the 
chimney a pleasing appearance, and suitable cornices and 
copings can readily be formed. The lower part of these 
chimneys is lined with firebrick, but at the top the concrete is 
left unprotected. 

Watek Towers. 

Several water towers have been constructed, for railway 
purposes, of reinforced concrete, and the material is happily 
chosen as regards the appearance, utility and freedom from 
maintenance charges of the resulting structures. Fig. 122 
is a sectional elevation of a tank to hold 40,000 gallons, 
constructed at Heaton, on the North Eastern Railway, of 
Hennebique ferro concrete. The height overall is about 60 ft., 
the dimensions of the circular tank being 21 ft. in diameter 
and 19 ft. in depth. The thickness of the bottom is 6J in. and 
of the sides 5J in. There are eight uprights of square section 
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Fig. 122,-- Water Tauk at Heatou. 
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12 in. X 12 in. connected together at the head by a circum- 
ferential beam and four transverse beams, and similarly braced 
at two intermediate points. The cill is circular in plan and 
the section is shown in Fig. 122. Fig. 123 shows a section of 




m 

Fig. 123.— Water Tower at York. 

the larger of two water towers erected for the North Eastern 
Railway Company at York. These tanks which are reinforced 
principally with Kahn Bars hold 100,000 gallons and 20,000 
gallons respectively. The larger tank is octagonal in shape 
and 81 ft. 4 in. internal diameter. It is 21 ft. in depth, and the 
bottom of it is about 80 ft. above ground level. The weight, 
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about 450 tons of water, is carried on eight outside columns 
which measure 36 in. X 15 in. at the base, and one central 
column, octagonal in shape and 21 in. in diameter. These 
columns are braced horizontally at six intermediate points, 
as shown, and the bracing also supports platforms which 
serve to give access by means of ladders to the tank. The 
foundation consists of three piles under each column. It will 
be noticed that the tank is covered and the top is reached by 
means of a circular shaft through the tank. 
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SUMMARY OF NOTATION EMPLOYED 



A Area of column section. 

a Area of stirrup section. 

a Longer axis of rectangular slab. 

B Width of foundation. 

h Shorter axis of rectangular slab. 

h Breadth of rectangular beam or effective breadth of 

tee beam. 

h Thickness of wall or pier. 

h Distance of concentrated load from centre of span. 

c Half-span. 

d Effective depth of beam or other member subjected to 

bending. 

F Total shear. 

Jl Maximum compression stress in concrete. 

fs Tensile stress in steel. 

// Horizontal component of thrust in arch. 

h Height of retaining wall. 

jd ( 1 — ^j)d, arm of couple of stresses resisting bending. 

7v A constant determining moment of resistance to 
bending in terms of tensile stress in steel. 

k A constant determining moment of resistance to 
bending in terms of compression stress in concrete. 

/ Span of beam. 
MR Moment of resistance. 

m Eatio of modulus of elasticity of steel to that of 
concrete, taken as 15. 

n Number of reinforcing rods. 

p Proportion of tension reinforcement. 



u 

V 
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p' Proportion of compression reinforcement. 
P Proportion of total reinforcement. 
P Earth pressure on retaining wall. 
q Principal stresses. 
R Vertical components of reactions at abutments of 

arches. 
R Eeaction of slope upon wedge of earth slipping on same. 
II Eadius of circular foundation. 
r Eadius of circular column. 
8 Maximum shear stress in concrete, 
s' Shear stress in steel, 
t Diameter of reinforcing rod. 

Bond stress between steel and concrete. 
Eise of centre line of arch. 
W Total load or concentrated load. 
Wi Portion of load on slab transmitted in the direction of 

short axis. 
W2 Portion of load on slab transmitted in the direction of 
long axis. 
w Distributed load per unit of length. 
X Spacing of stirrups. 
y Depth of neutral axis of beam below compression 

surface. 
y Ordinate of a point on the line of thrust for a loaded 

arch referenced to a convenient horizontal datum. 
IB Inclination of resultant earth pressure with normal to 

back of retaining wall. 
T Inclination of principal stresses with neutral axis. 
6 Segment of circular foundation. 
Angle of earth slope upon which slipping is assumed 

to occur. 
(f) Angle of repose. 

Summary of Principal Formula. 

Eesistance to bending single reinforcement : — 

/• y 

Eatio of stresses, * f = — '--, (1) 

/, '2 pel ^ ^ 
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Neutral axis, y = Vp^m^ + 2 pm — pm . . . (2) 
Moment of resistance, 

MR = p (l- l^ hd% . . . (3) 

= khd% 
Resistance to bending, double reinforcement : — 

Ratioofstresses,'^ = ^ + ^' . . . (5) 

Jc 2i)d S 2^ "■ ^ 

Neutral axis, 

I = V'»' {p + i V'f + 2 mp - m (p + § i)') . (6) 
Moment of resistance, 

MI? = ( i I + § p'm) (l - ^^) bd% . . (7) 

When p and j/ are so disposed that y = 29 

Jc 

ME = (-11 + -066 P) bd% . . . (8) 

Resistance to shear : — 

F 
Bond stress, n = -^^ . . . (9) 



' (i - £) "^* ' 



F 
Shear stress, s = — ^ r . . . (10) 

''^ (i - ii) 

s'a ( 1 — ^ j d 
Spacing of stirrups, X' = ,. . . . (11) 

Slabs : — 

Proportion of load transmitted in the direction of 
short axis, 

JT ^ a'- + b' . ^ . . (12) 
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Proportion of load transmitted in the direction of 
long axis, 



11^2 h"^ 



. (13) 



Short columns : — 

W=A(1 + UP)J: . . . (14) 

Use of the Squared Paper Diagrams. 

The results of many of the preceding formulae have been 
worked out and plotted in the form of diagrams, see Figs. 10, 
11, 14, 15, 17 and 34, pp. 24, 30, 32, 38 and 60, also plate at 
end of Chap. X. 

It will be noticed that on the same diagrams, quantities of 
very different numerical value are represented. Consequently, 
the vertical scale on the diagram must be used for each curve 
in conjunction with the written value of one particular 
ordinate on that curve, which determines the position of the 
decimal point or the number of O's required. 

Beams with Tension Eeinforcement Only. 

When the working tensile stress in the steel and the working 
compressive stress in the concrete have been decided upon, 
and the ratio of the former divided by the latter determined, 
the critical percentage of reinforcement, that is, the percentage 
which permits these working stresses to be reached simul- 

taneously, can be read off from the curve marked '-r in Fig. 10. 

Jc 

For instance, when the percentage of tensile reinforcement 

is -5 the ratio '^ = 32. 

The factor K determining the moment of resistance which 
= K X breadth in inches X (effective depth in inches)^ X 
working tensile stress in steel in lbs. per square inch, i.e., 

Mil = Kh(l% 

can also be read off from the curve marked K on the same 
diagram. 

Thus with '5 per cent, of tensile reinforcement K = '0046. 
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With a percentage of reinforcement lower than the critical 
percentage, the working stress in the steel is reached before 
the working compression stress in the concrete, and the ratio 
of these stresses, and the factor determining the moment of 
resistance, for any percentage of tensile reinforcement between 
and '6 can be read off from the curves so marked in Fig. 10. 
With a larger percentage of reinforcement than the critical 
percentage, the w^orking moment of resistance depends upon 
the working compression stress in the concrete, /c, which is 
reached before the working tensile stress in the steel. The 
factor k determining this moment of resistance 

MR = kh(Pf, 

can be read off from the curve so marked in Fig. 11. The 
position of the neutral axis, corresponding to various percent- 
ages of tension reinforcement, is recorded in Figs. 10 and 17. 
Thus, with 1 per cent, of reinforcement 

7/ __ depth of neutral axis below compression surface 

d effective depth "" 

•418 (Fig. 17). 

Beams with Double Reinforcement. 

The full line, rising and practically straight, in Fig. 14, 
determines the values of the moment of resistance when com- 
pression reinforcement is provided in addition to tension 
reinforcement, and the proportions are such as to result in the 
working compression stress in the concrete and the working 
tensile stress in the steel being reached simultaneously. The 
total percentage of reinforcement is read on the lower horizontal 
scale, and the percentage of compression reinforcement on the 
upper horizontal scale. The difference between these two 
gives the percentage of tension reinforcement. 

The results recorded in Fig. 14 have been worked out for the 
following values of^/« and/- : — 

J] = working tensile stress in steel = 14,500 lbs. per square inch, 
y" =: working compression stress in concrete 500 lbs. per square 
inch, and they apply equally well for working stresses which 
bear to one another the ratio 29. 
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■ 

The value of A- determines the moment of resistaijce in terms 
of the maximum compression stress in the concrete, thus : — 

MR = kbcPf,. 

In Fig. 10 it will be seen that when the ratio of the tensile 
stress in the steel to the maximum compression stress in the 
concrete equals 29, the neutral axis is '34^ below the compression 
surface, and so long as the neutral axis remains in this position 
the ratio of the stresses will be 29. If it is desired to use com- 
pression reinforcement, with working stresses bearing to one 
another a different ratio, the altered position of the neutral 
axis can be obtained from Fig. 10, and the relative proportions 
of compression and tension reinforcement can be worked out 

by substituting this altered value of ^ in equation 6, p. 28, 

Equal Percentages of Tension and Compression 

Eeinforcement. 

In columns and arches which may be subjected to bending 
in addition to direct compression, the proportions of tension 
and compression reinforcement will, more often than not, be 
equal. Fig. 15 will enable the reader to determine the position 
of the neutral axis, the ratio of the maximum stresses, and the 
factor determining the moment of resistance in terms of /^ or 
fc corresponding to the percentages of total reinforcement 
marked on the lower horizontal scale. The net or working 
tensile stress in the steel will be the tensile stress due to 
bending, yj, minus the direct compression in the steel, usually 
taken as fifteen times the direct compression in the concrete. 
The net or working compression stress in the concrete will 
be the maximum compression stress due to bending, fc, plus 
the compression in the concrete. 
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Concrete — co)U inned, 

ultimate strength, 11 

working stress, 10 
Considere's experiments, 21, 49, 01) 
Continuous spans, 55 
Conway, widening bridge, 142 
Cost, 

bridges, 122 

encased girders, 9 

jack arch floor, 52 

piles, 83 

platforms, 53 

reinforced concrete beams, 9, 26 

retaining walls, 118 
Counterforts, 103, 109 
Culverts, 97, 181 



D. 



Depression of sleepers, 184 

Depth of beams, shear, 40 

Depth of construction, 3 

Design of shear members, 42 

Determination of neutral axis, 17 

Diagonal tension, 35 

Diagrams, 

beams, double reinforcement, 30 
beams, single reinforcement, 24 
columns and arches, 32 

Distribution of shear stress, 36, 48 

Double reinforcement, 27 



cost, 33 



E. 



Earth pressure, 99 
Economy of tee beams, 33 
Encased girders, 2, 5, 52 

cost, 9 

stresses, (5 
Examples — 

(1) Neutral axis, 22 

(2) Moment of resistance, 23 

(3) Depth of beam, 25 

(4) Platform coping, 25 

(5) Column, 29 

(()) Beam, double reinforcement, 
31 



Examples — continued. 

(7) Bond stress, 35 

(8) Shear stress, 37 

(9) Spacing of stirrups, 44 

(10) Column, 71 

(11) Column subject to bending, 

71 

(12) Column subject to bending, 

72 

Expanded metal lathing, 161 

Expanded steel, 15, 57, 124 

Expanded steel bars, 15, 40, 48 

Experiments, 

Consid^re, tension in concrete, 20, 

49 
depression of sleepers, 184 
Illinois University, shear, 39 
McGill University, bending, 16 
strength of bent beams, 125 
Watertown Arsenal cubes, 11 



F. 



Factors, rectangular slabs, 60 

Farnworth, road bridge, 181 

Fawcett's Mon'lithcrete girders, 8, 48 

Fence post, 195 

Fenton, retaining wall, 112 

Fishtailed ends, 50 

Fixed ends, 

arches, 151, 169 

beams, 55 
Floors, 61 
Footbridges, 

arched ribs, 161 

bent beams, 123 

Bollo Lane, 177 
Force polygon, 150 
Formulae, 204 
Foundations, 

cartway, 65 

columns, 90 

engine shed, 86 

piers and walls, 87 

rafts, 96 

warehouse, 85 
Fracture of slab, 61 
French government rules for slabSi 59 
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G, 



Gate post, 1 96 

Girders encased with concrete, 2, 5, 52 

stresses, 6 
Goods shed, Bristol Dock, 76 
Goods warehouse, Newcastle, 73 
Gradient post, 197 
Graphic determination of stresses, 

beams and abutments, 138 

sleepers, 187, 191 
Grasshof s theory of slabs, 58 



H. 



Heaton water tank, 199 
Hennebique ferro-concrete, 15, 16 

coal gantry, Immingham Dock, 

78 
footbridge, Bollo Lane, 177 
goods shed, Canon's Marsh, 75 
goods warehouse, Newcastle, 73 
highway bridge, Avonmouth and 

Filton Railway, 132 
highway bridge, Immingham 

Dock, 134 
King's Dock, Swansea, 77 
underbridge, Avonmouth and 

Filton Railway, 179 
underbridge, Victoria Street, 

Bristol, 130 
water tank, Heaton, 200 
widening road bridge, Conway, 
142 
Highway bridges, 131, 181 
Hoops, 70 

Horizontal thrust in arches, 
ends fixed, 153, 169, 174 
two or three pins, 168 



I. 



Illinois University expeiiraents, 39 
Immingham Dock, 

coal gantry, 78 

highway bridge, 134 
Improved Construction Co.'s sleeper, 
192 I 



Indented bars, 15, 50 

arched footbridge, 170 
bridge over Audley Line, 128 
canal bridge, Burnley, 136 
retaining walls. Ill 



J. 



Jack arch floor, cost, 52 

Jagger process, 193 

Johnson's steel wire lattice, 15, 54 



K. 

Kahn bars, 15, 17 

arches, 147 

combined wall and coal bunker, 
120 

engine sheil foundation, 86 

Kilton culvert, 181 

raft, 96 

road bridge at Farnworth, 178 

water tower at York, 201 
King's Cross bridge, 143 
King's Dock, Swansea, 77 



L. 

L.C.C. regulations, 50, 71 
Links, 70 
Lintels, 25, 67 
Loads on sleepers, 184 



M, 



McGiLL University tests, 16 

Maintenance, 2 

Mile post, 196 

Moment of resistance, 

double reinforcement, 29 
single reinforcement, 23 

N. 

Neutral axis, 

double reinforcement, 28 
single reinforcement, 17, 21, 37 
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INDEX 



Newcastle goods warehouse, 73 
Notation, 203 



O. 



Office floor, 61 



P. 



Packing sleepers, 186, 192 
Patents, 48, 69, 193 
Piers, 84 
Piles, 80 

cost, 83 

shoes, 83 
Platforms, 25, 36, 52 

cost, 52 
Poisson's ratio, 70 
Posts for fences, gates, &c., 195 
Pressure on retaining walls, 100 
Principal stresses, 46 



Q. 



Quays, 

coal gantries, Immingham Dock, 

78 
King's Dock, Swansea, 77 



R. 



Rafts, 96 

Rail reinforcement, 2, 64 

cost of, 27, 33 
Rankine's theories, 

earth pressure, 103 

slabs, 58 
Reactions, fixed end arches, 157, 169, 

174 
Rectangular slabs, 57 
Reo:ulations, L.C.C., 50. 71 
Reinforcement, • 15 

cost, 24 

cover, 10 

specifications, 127, 147, 166 

ultimate strength, 11 

working stress, 10 
Rendering on expanded metal, 166 



Report R.I.B.A. Committee, 71 
Resistance, 

bending, 22 

shear, 36 

slipping, 35, 49 
Resultant thrust line, 150 
Retaining walls, 99 

cost, 118 

design of base, 107, 116 

design of counterforts, 109 

friction, 100 

stability, 102 

theoretical thickness, 105, 115 
Road foundation, 65 

S. 

St. Phillip's Marsh, underbridge, 129 

Sand, 13 

Shear, 

arch, 157 

beams, 36 

bridge girders and abutments, 138 

column foundation, 95 

pier foundation, 89 

sleepers, 187, 191 
Shear reinforcement, 

bent bars, 41 

stirrups, 43 
Shear stress, 35 
Shear tests, 38 
Sheet piles, 83 
Shoes for piles, 83 
Shuttering, 12, 128, 163 
Single reinforcement, 21 
Slabs, 57 
Sleepers, 183 

depression under traffic, 184 

Improved Construction Co., 192 

loads, 185 

stresses, 186 

WoUe's asbeston, 194 
Specification of materials, 

aggregate, 13 

cement, 13 

concrete, 64, 83, 127, 144, 147, 163 

rendering, 166 

sand, 13 

shuttering, 12, 128, 163 

steel, 15, 127, 147, 166 
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Spiral winding'. 01) 
Spread foundations. 87 
Stability uf retaining wiills. 1U2 
Steel, 15, 127, 147, IGtJ 
Stirrups, 43 

Kpacin^, 43 
Strength, 

arches, 140. 107 

beams, t»4. t>7 

colinnn base. 94 

columns. 70 

encased «rirdei"s, 

floors, 02 

pier foun<hitioii. MS 

platform. ."14 

retaining walls, 103. 113 

slee|>crs, ISO 
Stresses, 

Ijendin^:, 18 

b(md,3:>. 4i), 03 

shear, 3."> 
Striking centres, 12. 127 
Suljway, 97 

Summary of formula', 2ot 
Summary of notation, 2o3 
Surcharged retainin.L' walls, loi 
Swansea District Lini-s raft. 1m; 



T. 

Talbot's expcrimmts. 3S. 09 
Tee beams. 8, 33 

shear stress, 17 
Tensile strength. 

concrete, 19 

steel, 15 
Test blocks, 11, 13, ir.l 

Tests, 

bending, HI 
iHjnt l)eains, 12.") 
concrete, 11. 20 
shear. 37 



ThickneM of retaining walls, 1().">, 115 
Thre«*-pin arch, 107 
Tnmsvers** reinforcement, 

columns, 70 

slabs, .*>4 
Two-pin arch, 1<»8 



r. 

I'mts moulded beforehand, 4 

chimneys, 198 
rnderbri.lges, 129, 179 



V. 



Victoria Street Rridge, Bristol, 130 
Voids in aggregate, 14 



W. 

Waukhoi'sks. 73 

New(;astle. 71 
Water towers, 199 
Weight of mat dials, 

earth, 103 

old raiN, 0<*» 

reinforced concrete. (»2 
Widening an existing l)ridge, 112 
Wolle's ashe^ton sleeper, 191 
Working stresses, 

comi)res>ion in concrete. 10 

slu;ar in con<'ret.e, 39 

shear in steel, 4 I 

tension in steel. 10 



V. 



York water towers, 20 1 
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Gas and Oil Engines 8to, % 50 

Anderson, F. A. Boiler Feed Water Sto, ^2 50 

Anderson, Capt. G. L. Handbook for the Use of Electricians. ... 8to, 3 00 

Anderson, J. W. Prospector's Handbook i2mo, z 50 

And^s, L. Vegetable Fats and Oils 8to, *4 00 

Animal Fats and Oils. Trans, by C. Salter 8vo, *4 00 

Drying Oils, Boiled Oil, and Solid and Liquid Driers 8vo, *5 00 

Iron Corrosion, Anti-fouling and Anti-corrosive Paints. Trans, by 

C. Salter 8vo, % 00 

Andte, L. Oil Colors, and Printers' Ink. Trans, by A. Morris and 

H. Robson Sto, *2 50 
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And^SfL. Treatment of Paper for Special Purposes. Trans, by C. Salter. 

i2mo, *2 50 

Andrews, E. S. Reinforced Concrete Construction lamo, *x 2$ 

Annual Reports on the Progress of Chemistry. Nine Volumes now ready. 

Vol. L 1904, Vol. IX, 1912 Svo, each, 2 00 

Argand, M. Imaginary Quantities. Translated from the French by 

A. S. Hardy. (Science Series No. 52.) x6mo, 50 

Armstrong, R., and Idell, F. £. Chimneys for Furnaces and Steam Boilers. 

(Science Series No. x.) i6mo, o 50 

Arnold, £. Armature Windings of Direct-Current Dynamos. Trans, by 

F. B. DeGress 8vo, *2 00 

Ashe, S. W., and Eeiley, J. D. Electric Railways. Theoretically and 

Practically Treated. Vol. I. Rolling Stock i2mo, *2 50 

Ashe, S. W. Electric Railways. Vol. H. Engineering Preliminaries and 

Direct Current Sub-Stations i2mo, 

Electricity: Experimentally and Practically Applied i2mo, 

Atkins, W. Common Battery Telephony Simplified i2mo, 

Atkinson, A. A. Electrical and Magnetic Calculations 8vo, 

Atkinson, J. J. Friction of Air in Mines. (Science Series No. 14.) . . i6mo, 
Atkinson, J. J., and Williams, Jr., E. H. Gases Met with in Coal Mines. 

(Science Series No. 13.) i6mo, 

Atkinson, P. The Elements of Electric Lighting i2mo, 

The Elements of Dynamic Electricity and Magnetism i2mo. 



r Power Transmitted by Electricity i2mo, 

Auchincloss, W. S. Link and Valve Motions Simplified 8vo, 

Ayrton, H. The Electric Arc 8vo, 

Bacon, F. W. Treatise on the Richards Steam-Engine Indicator . . i2mo, 

Bailes, G. M. Modern Mining Practice. Five Volumes 8vo, each, 

Bailey, R. D. The Brewers* Analyst 8vo, 

Baker, A. L. Quaternions 8vo, 

Thick-Lens Optics i2mo. 

Baker, Benj. Pressure of Earthwork. (Science Series No. 56.)...i6mo) 

Baker, I. 0. Levelling. (Science Series No. 91.) i6mo. 

Baker, M. N. Potable Water. (Science Series No. 61.) i6mo, 

Sewerage and Sewage Purification. (Science Series No. 18.) . . i6mo. 

Baker, T. T. Telegraphic Transmission of Photographs i2mo, 

Bale, G. R. Modern Iron Foundry Practice. Two Volumes. i2mo. 

Vol. I. Foundry Equipment, Materials Used *2 

VoL II. Machine Moulding and Moulding Machines *i 

Bale, M. P. Pumps and Pumping i2mo, 

Ban, J. W. Concrete Structures in Railways. (In Press.) 8vo, 

Ball, R. S. Popular Guide to the Heavens 8vo, 

Natural Sources of Power. (Westminster Series.) 8vo, 

Ball, W. V. Law Affecting Engineers 8vo, 

Bankson, Lloyd. Slide Valve Diagrams. (Science Series No. 108.) . i6mo, 
Barba, J. Use of Steel for Constructive Purposes i2mo, 

Barham, G. B. Development of the Incandescent Electric Lamp. . . .8vo, 
Barker, A. Textiles and Their Manufacture. (Westminster Series.) . . 8vo, 

Barker, A. H. Graphic Methods of Engine Design Z2mo, 

Heating and Ventilation i .4to, ♦& 06 
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Barnard, J. H. The Naval Militiaman's Guide i6mOy leather z as 

Barnard, Major J. G. Rotary Motion, (Science Series No. 90.).... x6mo, o 50 

Barrus, G. H. Boiler Tests 8to, *3 00 

Engine Tests 8vo, *4 00 

The above two purchased together *6 00 

Barwise, S. The Purification of Sewage Z2mo, 3 50 

Baterden, J. R. Timber. (Westminster Series.) 8to, *2 00 

Bates, £. L., and Charlesworth, F. Practical Mathematics zimo, 

Part I. Preliminary and Elementary Course *z 50 

Part n. Advanced Course *z 50 

Practical Mathematics lamo, *i 50 

Practical Geometry and Graphics lamo, *3 00 

Beadle, C. Chapters on Papermaking. Five Volumes i2mo, each, *2 00 

Beaumont, R. Color in Woven Design. 8vo, *6 00 

Finishing of Textile Fabrics 8vo, ^4 00 

Beaumont, W. W. The Steam-Engine Indicator 8vo, 2 50 

Bechhold. Colloids in Biology and Medicine. Trans, by J. G. Bullowa 

{In Press.) 

Beckwith, A. Pottery 8vo, paper, o 60 

Bedell, F., and Pierce, C. A. Direct and Alternating Current Manual. 

8vo, *2 00 

Beech, F. Dyeing of Cotton Fabrics 8vo, *3 00 

Dyeing of Woolen Fabrics 8vo, *3 50 

Begtrup, J. The Slide Valve 8vo, *2 00 

Beggs, G. E. Stresses in Railway Girders and Bridges (In Press.) 

Bender, C. E. Continuous Bridges. (Science Series No. 26.) i6mo, 50 

Proportions of Piers used in Bridges. (Science Series No. 4.) 

i6mo, o 50 

Bennett, H. G. The Manufacture of Leather 8vo, *4 50 

—^Leather Trades (Outlines of Industrial Chemistry). 8vo. .(/n Press.) 
Bemthsen, A. A Text - book of Organic Chemistry. Trans, by G. 

M'Gowan i2mo, *2 50 

Berry, W. J. Differential Equations of the First Species. Z2mo. (In PreparationJ) 
Bersch, J. Manufacture of Mineral and Lake Pigments. Trans, by A. C. 

Wright 8vo, *5 00 

Bertin, L. E. Marine Boilers. Trans, by L. S. Robertson 8vo, 5 ou 

Beveridge, J. Papermaker's Pocket Book Z2mo, *4 00 

Binnie, Sir A. Rainfall Reservoirs and Water Supply 8vo, *4 50 

Binns, C. F. Ceramic Technology 8vo, *5 00 

Manual of Practical Potting 8vo, *7 50 

The Potter's Craft Z2mo, *2 00 

Birchmore, W. H. Interpretation of Gas Analysds zamO| *z 25 

Blaine, R. G. The Calculus and Its Applications x2mo, *z 50 

Blake, W. H. Brewers' Vade Mecum 8vo, *4 00 

Blake, W. P. Report upon the Precious Metals 8vo» 2 00 

Bligh, W. G. The Practical Design of Irrigation Works 8vo, *6 00 

Bloch, L. Science of Illumination. Trans, by W. C. Clinton 8vo, *2 50 

Blticher, H. Modem Industrial Chemistry. Trans, by J. P. Millington. 

8vo, ♦y 50 

Blyth, A. W. Foods: Their Composition and Analysis 8vo, 7 50 

Poisons: Their Effects and Detection 8vO| 7 $0 
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Btfckmann, F. Celluloid lamo, *2 50 

Bodmer, G. R. Hydraulic Motors and Turbines lamo, 5 00 

Boileau, J. T. Traverse Tables 8vo, 5 00 

Bonney, G. £. The Electro-platers' Handbook lamo, i 20 

Booth, N. Guide to the Ring-spinning Frame i2mo, *i 25 

Booth, W. H. Water Softening and Treatment 8vo, *2 50 

Superheaters and Superheating and Their Control 8vo, *i 50 

Bottcher, A. Cranes: Their Construction, Mechanical Equipment and 

Working. Trans, by A. Tolhausen 4to, *io 00 

Bottler, M. Modem Bleaching Agents. Trans, by C. Salter. . . .i2mo, *2 50 

Bottone, S. R. Magnetos for Automobillsts i2mo, *i 00 

Boulton, S. B. Preservation of Timber. (Science Series No. 82.) . i6mo, o 50 

Bourcart, £. Insecticides, Fungicides and Weedklilers 8vo, *4 50 

Bourgougnon, A. Physical Problems. (Science Series No. ii3.).i6mo, o 50 
Bourry, E. Treatise on Ceramic Industries. Trans, by A. B. Searle. 

8vo, *5 00 

Bow, R. H. A Treatise on Bracing 8vo, i 50 

Bowie, A. J., Jr. A Practical Treatise on Hydraulic Mining 8vo, 5 00 

Bowker, W. R. Dynamo, Motor and Switchboard Circuits 8vo, *2 50 

Bowles, O. Tables of Common Rocks. (Science Series No. i25.).i6mo, o 50 

Bowser, E. A. Elementary Treatise on Analytic Geometry i2mo, i 75 

Elementary Treatise on the Differential and Integral Calculus . i2mo, 2 25 

Elementary Treatise on Analjrtic Mechanics i2mo, 3 00 

Elementary Treatise on Hydro-mechanics i2mo, 2 50 

A Treatise on Roofs and Bridges i2mo, *2 25 

Boycott, G. W. M. Compressed Air Work and Diving 8vo, *4 . 00 

Bragg, E. M. Marine Engine Design i2mo, *2 00 

Brainard, F. R. The Sextant. (Science Series No. loi.) i6mo, 

Brassey's Naval Annual for 191 1 8vo, *6 00 

Brew, W. Three-Phase Transmission 8vo, *2 00 

Brewer, R. W. A. Motor Car Construction 8vo, *2 00 

Briggs, R., and Wolff, A. R. Steam-Heating. (Science Series No. 

67.) i6mo, o 50 

Bright, C. The Life Story of Sir Charles Tilson Bright 8vo, *4 50 

Brislee, T. J. Introduction to the Study of Fuel. (Outlines of Indus- 
trial Chemistry.) Svo, *3 00 

British Standard Sections 8x15 *i 00 

Complete list of this series (45 parts) sent on application. 
Broadfoot, S. K. Motors, Secondary Batteries. (Installation Manuals 

Series.) i2mo, *o 75 

Broughton, H. H. Electric Cranes and Hoists *9 00 

Brown, G. Healthy Foundations. (Science Series No. 80.) i6mo, o 50 

Brown, H. Irrigation 8vo, *5 00 

Brown, Wm. N. The Art of Enamelling on Metal i2mo, *i 00 

Brown, Wm. N. Handbook on Japanning and Enamelling i2mo, *i 50 

House Decorating and Painting i2mo, *i 50 

History of Decorative Art i2mo, *i 25 

Dipping, Burnishing, Lacquering and Bronzing Brass Ware . . i2mo, *i 00 

Workshop Wrinkles 8vo, *i 00 

Browne, R. E. Water Meters. (Science Series No. 81.) i6mo, 50 

Bmce, E. M. Pure Food Tests i2mo, *i 25 
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Bruhns, Dr. New Manual of Logarithms 8vo, cloth, a oo 

half morocco, a 50 
Brtmner, R. Manufacture of Lubricants, Shoe Polishes and Leather 

Dressings. Trans, by C. Salter 8vo, *3 00 

Buel, R. H. Safety Valves. (Science Series No. ax.) i6mo, o 50 

Bulman, H. F., and Redmayne, R. S. A. Colliery Working and Manage- 
ment 8vo, 6 00 

Bums, D. Safety in Coal Mines lamo, *i 00 

Burstall, F. W. Energy Diagram for Gas. With Text Svo, z 50 

Diagram. Sold separately *i 00 

Burt, W. A. Key to the Solar Compass i6mo, leather, a 50 

Burton, F. G. Engineering Estimates and Cost Accounts xamo, *i 50 

Buskett, E. W. Fire Assaying xamo, *z a5 

Butler, H. J. Motor Bodies and Chassis Svo, *2 50 

Byers, H. G., and Knight, H. G. Notes on Qualitative Analysis Svo, *i 50 

Cain, W. Brief Course in the Calculus xamo, *x 75 

Elastic Arches. (Science Series No . . 4S.) x6mo, o 50 

Maximum Stresses. (Science Series No. 3S.) x6mo, 50 

Practical Designing Retaining of Walls. (Science Series No. 3.) 

x6mo, o 50 
Theory of Steel-concrete Arches and of Vaulted Structures. 

(Science Series No. 42.) x6mo, o 50 

Theory of Voussoir Arches. (Science Series No. 12.) x6mo, o 50 

Symbolic Algebra. (Science Series No. 73.) x6mo, o 50 

Campin, F. The Construction of Lron Roofs Svo, a 00 

Carpenter, F. D. Geographical Surveying. (Science Series No. 37.). i6mo. 

Carpenter, R. C, and Diederichs, H. Internal Combustion Engines. . Svo, *5 00 

Carter, E. T. Motive Power and Gearing for Electrical Machinery. Svo, *5 00 

Carter, H. A. Ramie (Rhea), China Grass xamo, *2 00 

Carter, H. R. Modem Flax, Hemp, and Jute Spinning Svo, *3 00 

Cary, E. R. Solution of Railroad Problems with the Slide Rule . . x6mo, *x 00 

Cathcart, W. L. Machine Design. Part I. Fastenings Svo, *3 00 

Cathcart, W. L., and Chaffee, J. I. Elements of Graphic Statics . . .Svo, *3 00 

Short Course in Graphics xamo, x 50 

Caven, R. M., and Lander, G. D. Systematic Inorganic Chemistry. xamo, *2 00 

Chalkley, A. P. Diesel Engines Svo, *3 00 

Chambers' Mathematical Tables Svo, x 75 

Chambers, G. F. Astronomy x6mo, ♦! 50 

Chamock, G. F. Workshop Practice. (Westminster Series.) . . .Svo {In Press,) 

Charpentier, P. Timber Svo, *6 00 

Chatley, H. Principles and Designs of Aeroplanes. (Science Series 

No. 126) i6mo, o 50 

How to Use Water Power xamo, ♦x 00 

GjTTostatic Balancing Svo, *x 00 

Child, C. D. Electric Arc Svo * (/n Press,) 

Child, C. T. The How and Why of Electricity xamo, x 00 

Christie, W. W. Boiler-waters, Scale, Corrosion, Foaming Svo, *3 00 

Chimney Design and Theory Svo, ^3 00 

Furnace Draft. (Science Series No. 133.) x6mOy o 50 

— — Water: Its Purification and Use in the Industries Svo, *a 00 
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^Church's Laboratory Guide. Rewritten by Edward Kinch 8vo, *2 50 

Clapperton, G. Practical Papermakiiig > 8vo, a 50 

-Claxk, A. G. Motor Car Engineering. 

VoL L Construction *3 00 

VoL IL Design {In Press.) 

Clark, C. H. Marine Gas Engines lamo, *i 50 

Clark, I>. K. Rules, Tables and Data for Mechanical Engineers ... .Svo, 5 00 

Fuel: Its Combustion and Economy lamo, i 50 

•^ — The Mechanical Engineer's Pocketbook i6mo, a 00 

Tramways: Their Construction and Working 8vo, 5 00 

Claris, J. M. New System of Laying Out Railway Turnouts lamo, i 00 

Clausen-Thue, W. ABC Telegraphic Code. Fourth Edition . . . lamo, *5 00 

Fifth Edition 8vo, *7 00 

The A I Telegraphic Code 8vo, *7 50 

Cleemann, T. M. The Railroad Engineer's Practice lamo, *i 50 

Clerk, D., and Idell, F. E. Theory of the Gas Engine. (Science Series 

No. 6a.) i6mo, o 50 

Clevenger, S. R. Treatise on the Method of Government Surveying. 

i6mo, morocco a .50 

Clouth, F. Rubber, Gutta-Percha, and Balata ., 8vo, *5 00 

Cochran, J. Concrete and Reinforced Concrete Specifications. .8vo {In Press.) 

Treatise on Cement Specifications 8vo, *i 00 

CoflSn, J. H. C. Navigation and Nautical Astronomy lamo, *3 50 

Colbum, Z., and Thurston, R. H. Steam Boiler Explosions. (Science 

Series No. a.) i6mo, 50 

Cole, R. S. Treatise on Photographic Optics lamo, i 50 

Coles-Finch, W. Water, Its Origin and Use 8vo, *5 00 

CoUins, J. E. Useful Alloys and Memoranda for Goldsmiths, Jewelers. 

i6mo, 50 

Collis, A. G. Switch-gear Design 8vo, 

Constantino, E. Marine Engineers, Their Qualifications and Duties. . 8vo, *a 00 

Coombs, H. A. Gear Teeth. (Science Series No. 120.) i6mo, o 50 

Cooper, W. R. Primary Batteries 8vo, *4 00 

" The Electrician " Primers 8vo, *5 00 

Parti *i 50 

Part n *a 50 

Part m *a 00 

Copperthwaite, W. C. Tunnel Shields 4to, *9 00 

Corey, H. T. Water Supply Engineering 8vo {In Press.) 

Corfield, W. H. Dwelling Houses. (Science Series No. 50.) i6mo, o 50 

Water and Water-Supply. (Science Series No. 17.) i6mo, o 50 

Cornwall, H. B. Manual of Blow-pipe Analysis 8vo, *2 50 

Courtney, C. F. Masonry Dams 8vo, 3 50 

Cowell, W. B. Pure Air, Ozone, and Water lamo, *a 00 

Craig, T. Motion of a Solid in a Fuel. (Science Series No. 49.) . i6mo, o 50 

Wave and Vortex Motion. (Science Series No. 43.) i6mo, o 50 

Cramp, W. Continuous Current Machine Design 8vo, *2 50 

Creedy, F. Single Phase Commutator Motors 8vo, *2 00 

Crocker, F. B. Electric Lighting. Two Volumes. 8vo. 

VoL I. The Generating Plant 3 00 

VoL n. Distributing Systems and Lamps 
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Crocker, F. B., and Arendt, M. Electric Motors 8vo, *a 50 

Crocker, F. B., and Wheeler, S. S. The Management of Electrical Ma- 
chinery x2mo, *i 00 

Cross, C. F., Bevan, £. J., and Sindall, R. W. Wood Pulp and Its Applica- 
tions. (Westminster Series.) 8vo, *2 00 

Crosskey, L. R. Elementary Perspective 8vo, i 00 

Crosskey, L. R., and Thaw, J. Advanced Perspective 8vo, i 50 

Culley, J. L. Theory of Arches. (Science Series No. 87.) i6mo, o 50 

Dadourian, H. M. Analytical Mechanics xamo, *3 00 

Danby, A. Natural Rock Asphalts and Bitumens 8vo, *2 50 

Davenport, C. The Book. (Westminster Series.) 8vp, *2 00 

Davies, D. C. Metalliferous Minerals and Mining 8vo, 5 00 

Earthy Minerals and Mining 8vo, 5 00 

Davies, E. H. Machinery for Metalliferous Mines 8vo, 8 00 

Davies, F. H. Electric Power and Traction 8vo, *2 00 

Foundations and Machinery Fixing. (Installation Manual Series.) 

z6iiio, *i 00 

Dawson, P. Electric Traction on Railways ^ 8vOy *g 00 

Day, C. The Indicator and Its Diagrams zamo, *2 00 

Deerr, N. Sugar and the Sugar Cane 8vo, *8 00 

Deite, C. Manual of Soapmaking. Trans, by S. T. King 4to, *5 00 

De la Couz, H. The Industrial Uses of Water. Tirans. by A Morris. 8vo, *4 50 

Del Mar, W. A. Electric Power Conductors 8vo, *2 00 

Denny, G. A. Deep-level Mines of the Rand 4to, *io 00 

Diamond Drilling for Gold *5 00 

De Roos, J. D. C. Linkages. (Science Series No. 47.) i6mo, o 50 

Derr, W. L. Block Signal Operation Oblong lamo, *i 50 

Maintenance-of-Way Engineering {In Preparation.) 

Desaint, A. Three Htmdred Shades and How to Mix Them 8vo, *io 00 

De Varona, A. Sewer Gases. (Science Series No. 55.) i6mo, o 50 

Devey, R. G. Mill and Factory Wiring. (Installation Manuals Series.) 

lamo, *z 00 

Dibdln, W. J. Public Lighting by Gas and Electricity 8vo, *8 00 

Purification of Sewage and Water 8vo, 6 50 

Dichmann, Carl. Basic Open-Hearth Steel Process i2mo, *3 50 

Dieterich, K. Analysis of Resins, Balsams, and Gum Resins 8vo, *3 00 

Dinger, Lieut. H. C. Care and Operation of Naval Machinery . . . lamo, *2 00 
Dixon, D. B. Machinist's and Steam Engineer's Practical Calctdator. 

i6mo, morocco, z 25 
Doble, W. A. Power Plant Construction on the Pacific Coast (In Press.) 
Dorr, B, F. The Surveyor's Guide and Pocket Table-book. 

i6mo, morocco, 2 00 

Down, P. B. Handy Copper Wire Table i6mo, ♦z 00 

Draper, C. H. Elementary Text-book of Light, Heat and Sound . . xamo, z 00 

Heat and the Principles of Thermo-dynamics z2mo, *2 00 

Duckwall, E. W. Canning and Preserving of Food Products 8vo, ♦$ 00 

Dumesny, P., and Noyer, J. Wood Products, Distillates, and Extracts. 

8vo, *4 90 
Duncan, W. G., and Penman, D. The Electrical Equipment of Collieries. 

8vo, *4 00 
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Dtmstan, A. £^ and Thole, F. B. T. Textbook of Practical Chemistry. 

Z21110, *z 40 

]>uthie,A.L. Decorative Glass Processes. (Westminster Series.). 8to, *2 00 

Dwight, H. B. Transmission Line Formulas 8vo, *2 00 

Dyson, S. S. Practical Testing of Raw Materials 8vo, *5 00 

Dyson, S. S., and Clarkson, S. S. Chemical Works 8vo, *7 50 

Eccles, R. G., and Duckwall, E. W. Food Presenratives Svo, paper, o 50 

Eddy, H. T. Researches in Graphical Statics Svo, z 50 

Maximum Stresses under Concentrated Loads Svo, z 50 

Edgctmibe, K. Industrial Electrical Measuring Instruments Svo, *3 50 

Eissler, M. The Metallurgy of Gold Svo, 7 50 

The Hydrometallurgy of Copper Svo, *4 50 

The Metallurgy of Silver . . Svo, 4 00 

The Metallurgy of Argentiferous Lead Svo, 5 00 

' Cyanide Process for the Extraction of Gold Svo, 3 00 

' A Handbook on Modem Explosives Svo, 5 00 

]ffldn, T. C. Water Pipe and Sewage Discharge Diagrams folio, *s 00 

Eliot, C. W., and Storer, F. H. Compendious Manual of Qualitative 

Chemical Analysis lamo, *i 35 

Elliot, Major G. H. European Light-house Systems Svo, 5 00 

Ennis, Wm. D. Linseed Oil and Other Seed Oils Svo, *4 00 

Applied Thermodynamics Svo, *4 50 

Fljring Machines To-day lamo, *4 50 

Vapors for Heat Engines lamo, *i 00 

Erfurt, J. Dyeing of Paper Pulp. Trans, by J. Hubner Svo, *7 50 

Brmen, W. F. A. Materials Used in Sizing Svo, *2 00 

Bvans, C. A. Macadamized Roads {In Press.) 

Ewing, A. J. Magnetic Induction in Iron Svo, *4 00 

Fairie, J. Notes on Lead Ores zamo, *i 00 

Notes on Pottery Clays lamo, *i 50 

Fairley, W., and Andre, Geo. J. Ventilation of Coal Mines. (Science 

Series No. 58.) i6mo, o 50 

Fairweather, W. C. Foreign and Colonial Patent Laws Svo, *$ 00 

Fanning, J. T. Hydraulic and Water-supply Engineering Svo, *5 00 

Faudi, P. The Moon in Modem Astronomy. Trans, by J. McCabe. 

Svo, *2 00 

Fay, L W. The Coal-tar Colors Svo, *4 00 

Fembach, R. L. Glue and Gelatine Svo, *$ 00 

Chemical Aspects of Silk Manufacture lamo, *i 00 

Fischer, E. The Preparation of Organic Compounds. Trans, by R. V. 

Stanford i2mo, *i 25 

Fish, J. C. L. Lettering of Working Drawings Oblong Svo, z 00 

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing Svo, *3 50 

Fiske, Lieut. B. A. Electricity in Theory and Practice Svo, 2 50 

Fleischmann, W. The Book of the Dairy. Trans, by C. M. Aikman. 

Svo, 4 00 
Fleming, J. A. The Alternate-current Transformer. Two Volumes. Svo. 

VoL L The Induction of Electric Currents *5 00 

¥6L IL The Utilization of Induced Currents *5 00 
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Fleming, J. A. Propagation of Electric Currents 8vo, *3 00 

•' Centenary of the Electrical Current Sro, •o 50 

Electric Lamps and Electric Lighting Svo, *3 06 

Electrical Laboratory Ifotes.and Forms 4to, *5 06 

A Handbook for the Electrical Laboratory and Testing Room. Two 

Volumes Svo, each, *5 00 

Fleury, P. Preparation and Uses of White Zinc Paints Svo, *2 50 

Fleury, H. The Calculus Without Limits or Infinitesimals. Trans, by 

C. O. Maillouz (In Press.) 

Flynn, P. J. Flow of Water. (Science Series No. S4.) lamo, o 50 

Hydraulic Tables. (Science Series No. 66.) i6mo, o 50 

Foley, N. British and American Customary and Metric Measures . . folio, *3 00 
Foster, H. A. Electrical Engineers* Pocket-book. (Seventh Edition.) 

i2mo, leather, 5 00 

Engineering Valuation of Public Utilities and Factories Svo, *3 00 

Handbook of. Electrical Cost Data Svo (In Press.) 

Foster, Gen. J.. G« . Submarine Blasting in Boston (Mass.) Harbor 4to, 3 50 

FoWle, F. F. Overhead Transmission Line Crossings lamo, *x 50 

JThe Solution of Alternating Current Problems Svo (In Press.) 

Fox, W. G. Transition Curves. (Science Series No. no.) i6mo, o 50 

Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw- 
ing lamo, I 2^ 

Foye, J. C. Chemical Problems. (Science Series No. 69.) i6mo, o 50 

Handbook of Mineralogy. (Science Series No. S6.) z6mo, o 50 

Francis, J. B. Lowell Hydraulic Experiments 4to, 15 oa 

Freudemacher, P.. W. Electrical Mining Installations. (Installation 

Manuals Series.) lamo, *i 00 

Frith, J. Alternating Ctirrent Design Svo, *2 00 

Fritsch, J. Manufacture of Chemical Manures. Trans, by D. Grant. 

Svo, *4 00 

Frye, A. I. Civil Engineers* Pocket-book lamo, leadier, *5 00 

Fuller, G. W. Investigations into the Purification of the Ohio River. 

4to, *zo 00 

Fumell, J. Paints, Colors, Oils, and Varnishes Svo. *x 00 

Gairdner, J. W. I. Earthwork Svo (In Press.) 

Gant, L. W. Elements of Electric Traction Svo, *2 50 

Garcia, A. J. R. V. Spanish-English Railway Terms Svo, *4 50 

Garforth, W. E. Rules for Recovering Coal Mines after Explosions and 

Fires lamo, leather, i 50 

Gaudard, J. Foimdations. (Science Series No. 34.) i6mo, o 50 

Gear, *H. B., and Williams, P. F. Electric Central Station Distribution 

Systems Svo, *3 00 

Geerligs, H. C. P. Cane. Sugar and Its Manufacture Svo, *5 00 

World*s Cane Sugar. Industry Svo, *5 00 

Geikie, J. Structural and Field Geology Svo, *4 00 

Oerber, N. Analysis of Milk, Condensed Milk, and Infants* Milk- Food. Svo, z 25 
Gerhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country 

Houses i2mo, *2 00 

Gas Lighting. (Sciefice Series No. iii.) i(^mo,. q 50 ; 

-<-=— Household .Wastes*. . (Science Series No. 07.). . . . ; z6mo, o 50 

-'^^ House Drainage*. . .(3pience Series No. 63.) ^ . . z6mo, o s^ 
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Geiliard, W P- Sanitary Drainage of Buildings. (Science Series No. 93.) 

i6mo, 

Gerhard!, C. W. H. Electricity Meters 8vo, 

Geschwind, L. Manufacture of Alum and Sulphates. Trans, by C. 

Salter 8vo, 

Gibbs, W. £. Lighting by Acetylene lamo, 

Physics of Solids and Fluids. (Carnegie Technical School's Text- 
books.) *i 

Gibson, A. H. Hydraulics and Its Application 8vo, 

Water Hammer in Hydraulic Pipe Lines lamo, 

GUbreth, F. B. Motion Study lamo, 

Primer of Scientific Management i2mo, 

GiUmore, Gen. Q. A. Limes, Hydraulic Cements acd Mortars 8vo, 

Roads, Streets, and Pavements i2mo, 

Golding, H. A. The Theta-Phi Diagram. i2mo, 

Goldschmidt, R. Alternating Current Commutator Motor 8vo, 

Goodchild, Yf Precious Stones. (Westminster Series.) 8vo, 

Goodeve, T. M. Textbook on the Steam-engine i2mo, 

Gore, G. Electrolytic Separation of Metals 8vo, 

Gould, E. S. Arithmetic of the Steam-engine i2mo, 

Calculus. (Science Series No. 112.) i6mo, 

— High Masonry Dams. (Science Series No. 22.) i6mo, 

Practical Hydrostatics and Hydrostatic Formulas. (Science Series 

No. 117.) i6mo, o 50 

Grant, J. Brewing and Distilling. (Westminster Series.) 8vo {In Press.) 

Gratacap, L. P. A Popular Guide to Minerals 8vo, 

Gray, J- Electrical Influence Machines izmo, 

Marine Boiler Design i2mo, 

Greenhill, G. Dynamics of Mechanical Flight 8vo, 

Greenwood, E. Classified Guide to Technical and Commercial Books. 8vo, 

Gregorius, R. Mineral Waxes. Trans, by C. Salter i2mo, 

Grifiiths, A. B. A Treatise on Manures i2mo, 

— — Dental Metallurgy 8vo, 

Gross, E. Hops 8vo, 

Grossman, J. Ammonia and Its Compounds i2mo, 

Groth, L. A. Welding and Cutting Metals by Gases or Electricity 8vo, 

Grover, F. Modern Gas and Oil Engines 8vo, 

Gmner, A. Power-loom Weaving 8vo, 

Gilldner, Hugo. Internal Combustion Engines. Trans, by H. Diederichs. 

4to, 

Gunther, C. O. Integration i2mo, 

Garden, R. L. Traverse Tables folio, half morocco, 

Guy, A. £. Experiments on the Flexure of Beams 8vo, 

Haeder^ H. Handbook on the Steam-engine. Trans, by H. H. P. 

Powles i2mo, 

Hainbach, R. Pottery Decoration. Trans, by C. Slater i2mo, 

Haenig, A. Emery and Emery Industry 8vo, 

Hale, W. J. Calculations of General Chemistry i2mo, 

Hall, C. H. Chemistry of Paints and Paint Vehicles. r2mo, 

Hall, R« H. Governors and Governing Mechanism .xamo^ 
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Hall, W. S. Elements of the Differential and Integral Calculus Svo, 

Descriptive Geometry 8vo volume and a 4to atlas, 

Haller, G. F., and Cunningham, E. T. The Tesla Coil Z2mo, 

Halsey, F. A. Slide Valve Gears lamo, 

The Use of the Slide Rule. (Science Series No. 114.) i6mo, 

Worm and Spiral Gearing. (Science Series No. 116.) i6mo, 

Hamilton, W. G. Useful Information for Railway Men i6mo. 

Hammer, W. J. Radium and Other Radio-active Substances 8vo, 

Hancock, H. Textbook of Mechanics and Hydrostatics 8vo, 

Hardy, E. Elementary Principles of Graphic Statics lamo, 

Harrison, W. B. The Mechanics' Tool-book lamo. 

Hart, J. W. External Plumbing Work 8vo, 

Hints to Plumbers on Joint Wiping 8vo, 

Principles of Hot Water Supply 8vo, 

Sanitary Plumbing and Drainage 8vo, 

Haskins, C. H. The Galvanometer and Its Uses i6mo, 

Hatt, J. A. H. The Colorist square i2mo, 

Hausbrand, £. Drying by Means of Air and Steam. Trans, by A. C. 

Wright i2mo, *2 00 

Evaporating, Condensing and Cooling Apparatus. Trans, by A. C. 

Wright 8vo, *5 00 

Hausner, A. Manufacture of Preserved Foods and Sweetmeats. Trans. 

by A. Morris and H. Robson Svo, 

Hawke, W. H. Premier Cipher Telegraphic Code 4to, 

100,000 Words Supplement to the Premier Code 4to, 

Hawkesworth, J. Graphical Handbook for Reinforced Concrete Design. 

4to, 

Hay, A. Alternating Currents Svo, 

Electrical Distributing Networks and Distributing Lines Svo, 

Continuous Current Engineering Svo, 

Hayes, H. V. Public Utilities, Their Cost New and Depreciation. .Svo, 
Heap, Major D. P. Electrical Appliances Svo, 

Heather, H. J. S. Electrical Engineering Svo, 

Heaviside, O. Electromagnetic Theory. Vols. I and H Svo, each. 

Vol. m Svo, 

Heck, R. C. H. The Steam Engine and Turbine Svo, 

Steam-Engine and Other Steam Motors. Two Volumes. 

Vol. I. Thermodynamics and the Mechanics Svo, 

Vol. n. Form, Construction, and Working Svo, 

Notes on Elementary Kinematics Svo, boards, 

Graphics of Machine Forces Svo, boards. 

Hedges, K. Modem Lightning Conductors Svo, 

Heermann, P. Dyers* Materials. Trans, by A. C. Wright i2mo, 

Hellot, Macquer and D'Apligny. Art of Dyeing Wool, Silk and Cotton. Svo, 

Henrici, 0. Skeleton Structures Svo, 

Hering, D. W. Essentials of Physics for College Students Svo, 

Hering-Shaw, A. Domestic Sanitation and Plumbing. Two Vols. . . Svo, 

Hering-Shaw, A. Elementary Science Svo, 

Herrmann, G. The Graphical Statics of Mechanism. Trans, by A. P. 

Smith Z2mo, 

Herzfeld, J. Testing of Yams and Textile Fabrics Svo, 
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Hildebrandt, A. Airships, Past and Present 8vo, *3 50 

fiildanbrand, B. W. Cable-Making. (Science Series No. 32.) i6mo, o 50 

Hilditch, T. P. A Concise History of Chemistry lamo, *z 25 

Hill, J. W. The Purification of Public Water Supplies. New Edition. 

{^In Press.) 

Interpretation of Water Analysis (In Press.) 

Hiroi, I. Plate Girder Construction. (Science Series No. psO i6mo, 

Statically-Indeterminate Stresses i2mo, 

Hirshfeld, C. F. Engineering Thermodynamics. (Science Series No. 45.) 

i6mo, 
Hobart, H. M. Heavy Electrical Engineering 8vo, 

Design of Static Transformers i2mo, 

Electricity 8vo., 

Electric Trains 8vo, 

Hobart, H. M. Electric Propulsion of Ships Svo, 

Hobart, J. F. Hard Soldering, Soft Soldering and Brazing i2mo, 

Hobbs, W. R. P. The Arithmetic of Electrical Measurements i2mo, 

Hoff, J. N. Paint and Varnish Facts and Formulas. i2mo, 

Hole, W. The Distribution of Gas Svo, 

HoUey, A. L. Railway Practice folio. 

Holmes, A. B. The Electric Light Popularly Explained .... i2mo, paper, 

Hopkins, N. M. Experimental Electrochemistry . . .8vo, 

Model Engines and Small Boats i2mo, 

Hopkinson, J. Shoolbred, J. N., and Day, R. E. Dynamic Electricity. 

(Science Series No. 71.) i6mo, 

Homer, J. Engineers* Turning Svo, 

— Metal Turning i2mo, 

Toothed Gearing i2mo, 

Houghton, C. E. The Elements of Mechanics of Materials i2mo, 

HouUevigue, L. The Evolution of the Sciences Svo, 

Houstoun, R. A. Studies in Light Production i2mo, 

Howe, G. Mathematics for the Practical Man i2mo, 

Howorth, J. Repairing and Riveting Glass, China and Earthenware. 

Svo, paper, 

Hubbard, E. The Utilization of Wood- waste Svo, 

Hiibner, J. Bleaching and Dyeing of Vegetable and Fibrous Materials 

(Outlines of Industrial Chemistry) Svo, 

Hudson, O. F. Iron and Steel. (Outlines of Industrial Chemistry.) . Svo, 
Humper, W. Calculation of Strains in Girders i2mo, 

Humphreys, A. C. The Business Features of Engineering Practice . Svo, 

Hunter, A. Bridge Work Svo, (/n Press.) 

Hurst, 6. H. Handbook of the Theory of Color Svo, 

-^— Dictionary of Chemicals and Raw Products Svo, 

Lubricating OilS| Fats and Greases Svo, 

Soaps Svo, 

Hurst, G. H. Textile Soaps and Oils Svo, 

Hurst, H. E., and Lattey, R. T. Text-book of Physics Svo, *3 00 

Also published in three parts. 

Part I. Dynamics and Heat *i 25 

Part n. Sound and Light ♦! 25 

Part in. Magnetism and Electricity *i 50 
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Hutchinson, R. W., Jr. Long Distance Electric Power Transmission. 

i2mo, *3 00 
Hutchinson, R. W., Jr., and Ihlseng, M. C. Electricity in Mining . . lamo, 

{In Press,) 
Hutchinson, W. B. Patents and How to Make Money Out of Them. 

i2mo, 

Hutton, W. S. Steam-boiler Construction 8vo, 

Practical Engineer's Handbook 8vo, 

The Works* Manager's Handbook 870, 

Hyde, £. W. Skew Arches. (Science Series No. 15.) i6mo, 

Hyde, F. S. Solvents, Oils, Gums, Waxes lamo, (/n Press.) 

Induction Coils. (Science Series No. 53.) i6mo. 

Ingle, H. Manual of Agricultural Chemistiy 8vo, 

Inness, C. H. Problems in Machine Design lamo, 

Air Compressors and Blowing Engines lamo, 

Centrifugal Pumps lamo, 

The Fan i2mo, 

Isherwood, B. F. Engineering Precedents for Steam Machinery . . .8yo, 
Ivatts, E. B. Railway Management at Stations 8vo, 

Jacob, A., and Gould, E. S. On the Designing and Construction of 

Storage Reservoirs. (Science Series No. 6) i6mo, 

Jamieson, A. Text Book on Steam and Steam Engines 8yo, 

Elementary Manual on Steam and the Steam Engine lamo, 

Jannettaz, E. Guide to the Determination of Rocks. Trans, by G. W. 

Plympton lamo, 

Jehl, F. Manufacture of Carbons 8vo, 

Jennings, A. S. Commercial Paints and Painting. (Westminster Series.) 

8vo (In Press,) 

Jennison, F. H. The Manufacture of Lake Pigments 8vo, 

Jepson, G. Cams and the Principles of their Construction 8vo, 

Mechanical Drawing 8vo (In Preparation.) 

Jockin, W. Arithmetic of the Gold and Silversmith lamo, 

Johnson, G. L. Photographic Optics and Color Photography 8vo, 

Johnson, J. H. Arc Lamps and Accessory Apparatus. (Installation 

Manuals Series.) zimo, 

Johnson, T. M. Ship Wiring and Fitting. (Installation Manuals Series.) 

iimo, 
Johnson, W. H. The Cultivation and Preparation of Para Rubber . . 8yo, 

Johnson, W. McA. The Metallurgy of Nickel {In Preparation,) 

Johnston, J. F. W., and Cameron, C. Elements of Agricultural Chemistry 

and Geology lamo, 

Joly, J. Radioactivity and Geology lamo, 

Jones, H. C. Electrical Nature of Matter and Radioactivity lamo, 

New Era in Chemistry zimo. {In Press.) 

Jones, M. W. Testing Raw Materials Used in Paint zimo, 

Jones, L., and Scard, F. I. Manufacture of Cane Sugar Bvo, 

Jordan, L. C. Practical Railway Spiral zamo, leather, 

Joynson„ F. H. Designing and Construction of Machine Gearing . .SvOf 
Jiiptner,.H. F. V. Siderology: The Science of Iron 8vO| 
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City Bridge 4to, 6 06 

Kapp, G. Alternate Current Machinery. (Science Series No. 96.).i6mo, o 50 

Electric Transmission of Energy lamo, 3 50 

Keim, A. W. Prevention of Dampness in Buildings 8vo, *2 00 

Keller, S. S. Mathematics for Engineering Students, i amo, half leather. 

Algebra and Trigonometry, with a Chapter on Vectors *i 75 

Special Algebra Edition *i . 00 

Plane and Solid Geometry *i . 25 

Analytical Geometry and Calculus *3 00 

Kelsey, W. R. Continuous-current Dsmamos and Motors Svo, *2 50 

Kemble, W.T., and Underbill, C.R. The Periodic Law and the Hydrogen 

Spectrum Svo, paper, *o 50 

Kemp, J. F. Handbook of Rocks Svo, *i 50 

Kendall, E. Twelve Figure Cipher Code 4to, *i2 50 

Kennedy, A. B. W., and Thurston, R. H. Kinematics of Machinery. 

(Science Series No. 54.) i6mo, o 50 

Kennedy, A. B. W., Unwin, W. C, and Idell, F. E. Compressed Air. 

(Science Series No. 106.J i6mo, o 50 

Kennedy, R. Modem Engines and Power Generators. Six Voltmies. 4to, 15 00 

Single Volumes each, 3 00 

Electrical Installations. Five Volumes 4to, 15 00 

Single Volumes each, 3 50 

Flying Machines; Practice and Design i2mo, *2 00 

Principles of Aeroplane Construction Svo, *i 50 

Kennelly, A. £. Electro-dynamic Machinery Svo, i 50 

Kent, W. Strength of Materials. (Science Series No. 41.) i6mo, o 50 

Kershaw, J. B. C. Fuel, Water and Gas Analysis Svo, *2 50 

Electrometallurgy. (Westminster Series.) Svo, *2 00 

The Electric Furnace in Iron and Steel Production i2mo, *i 50 

Kinzbrunner, C. Alternate Current Windings Svo, *i 50 

Continuous Current Armatures Svo, *i 50 

Testing of Alternating Ciurent Machines Svo, *2 00 

Kirkaldy, W. G. David Kirkaldy's System of Mcehanical Testing. .4to, 10 00 

Kirkbride, J. Engraving for Illustration Svo, *i 50 

Kirkwood, J. P. Filtration of River Waters 4to, 7 50 

Kirschke, A. . Gas and Oil Engines i2mo, *i 25 

Klein, J. F. Design of a High-speed Steam-engine Svo, *5 00 

Physical Significance of Entropy Svo, *i 50 

Kleinhans, F. B. Boiler Construction Svo, 3 00 

Knight, R.-Adm. A. M. Modem Seamanship Svo, *7 50 

Half morocco *g 00 

Knox, J. Physico-Chemical Calculations i2mo, "^i 00 

Knox, W. F. Logarithm Tables {In Preparation.) 

Knott, C. G., and Mackay, J. S. Practical Mathematics Svo, 2 00 

Koester, F. Steam-Electric Power Plants 4to, *5 00 

Hydroelectric Developments and Engineering .*-4to, *5 00 

KoUer, T. The Utilization of Waste Products Svo,*3 50 

Cosmetics ..... Svo, *2 50 

Kremann, R. Technical Processes and Manufacturing Methods. Trans. 

by H. E. Potts Svo, 

Ksetchmar, K. Yam and Warp Sizing Svoi *4 00 
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LalUer, £. V. Elementary Manual of the Steam Engine xamo, 

Lambert, T. Lead and Ite ConqKnmds 8vo, ^ 50 

Bone Products and Manures 8?o, *3 00 

Lambom, L. L. Cottonseed Products 8vo, *3 00 

Modem Soiq>s, Candles, and Glycerin 8vo, *7 50 

Lamprecht, R. Recovery Work After Pit Fires. Trans.by C.Salter. 8to, *4 00 
Landiester, F. W. Aerial Flight. Two Volumes. 8to. 

Vol. I. Aerodynamics *6 co 

Aerial Flight Vol. n. Aerodonetics *6 . 00 

Lamer, £. T. Principles of Alternating Currents lamo. *x 25 

Larrabee, C. S. Cipher and Secret Letter and Telegraphic Code. x6mo, o 60 

La Rue, B. F. Swing Bridges. (Science Series No. 107.) i6mo, o 50 

Lassar-Cohn. Dr. Modem Scientific Chemistry. Trans, by M. M. 

Pattison Muir i2mo, *^ oc 

Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent Electric 

Lighting. (Science Series No. 57.) i6mo, o 50 

Latta, M. N. Handbook of American Gas-Engineering Practice . . . Svo, "^4 50 

American Producer Gas Practice ^ 4to, *"6 00 

Leask, A. R. Breakdowns at Sea iimo, 2 00 

Refrigerating Machinery lamo, 2 00 

Lecky, S. T. S. " Wrinkles " in Practical Navigation 8vo, *8 00 

Le Douz, M. Ice-Making Machines. (Science Series No. 46.) . . i6mo, o 50 

Leeds, C. C. Mechanical Drawing for Trade Schools oblong 4to, 

High School Edition ♦i 25 

Machinery Trades Edition *2 .00 

Lef^vre, L. Architectural Pottery. Trans, by H. K. Bird and W. M. 

Binns 4to, *7 50 

Lehner, S. Ink Manufacture. Trans, by A. Morris and H. Robson.8vo, *2 50 

Lemstrom, S. Electricity in Agruiclture and Horticulture Svo, *i 50 

Le Van, W. B. Steam-Engine Indicator. (Science Series No. 78.)i6mo, o 50 
Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.). .8vo, *2 00 

Carbonization of Coal Svo, *3 00 

Lewis, L. P. Railway Signal Engineering Svo, *3 50 

Lieber, B. F. Lieber*s Standard Telegraphic Code Svo, *io 00 

Code. German Edition Svo, *io 00 

Spanish Edition Svo, *io 00 

French Edition Svo, •lo 00 

Terminal Index Svo, *2 50 

Lieber*s Appendix folio, *I5 00 

Handy Tables 4to, ^2 50 

Bankers and Stockbrokers' Code and Merchants and Shippers' 

Blank Tables Svo, *I5 00 

100,000,000 Combination Code Svo, *io 00 

Engineering Code Svo, *I2 50 

Livermore, V. P., and Williams, J. How to Become a Competent Motor- 
man z2mo, *i 00 

Liversedge, A, J. Commercial Engineering Svo, *3 00 

Livingstone, R. Design and Construction of Commutators Svo, *2 25 

Lobben, P. Machinists* and Draftsmen's Handbook Svo, a $0 

Locke, A. G. and C. G. Manufacture of Sulphuric Acid Svo, zo 00 

Lockwood, T. D. Electricity, Magnetism, and Slactro-talegn^h Svo, a 50 
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Lockwood, T. D. Eiectrical Heasttrement and tiie Gahr«MMii«tflf'. 

zsmoy o 75 

hodgtf O. J. Elementary Mechanics lamo, i so 

aignaJHng AcToss Space without Wires Svo, *2 oo 

Loowenstein, L. C, and Crissey, C. P. Centrifugal Pumfw % 5o 

Lord, R. T. Decorative and Fancy Fabrics 8yo» *3 50 

Loiing, A. £. A Handbook of the Electromagnetic Telegn^h i6mo, o 50 

Handbook. (Science Series No. 39.) i6mo, o 50 

Loir, D. A. Applied Mechanics (Elementary) z6mo, o 80 

Lobschez, B. J. Perspective lamo, ^z so 

LodEO, C. E. Gas Engine Design 8to, ^3 00 

Power Plants: Design, Efficiency, and Power Costs. 2 vols. 

(In Preparation.) 

LongOy G. Coal-tar and Ammonia. Two Volumes 8vo, ^15 00 

Manufacture of Sulphuric Acid and Alkali. Four Volumes 8vo, 

VoL L Sulphuric Acid. In three parts *i8 00 

VoL U. Salt Cake, Hydrochloric Acid and Leblanc Soda. In two 

parts *i5.oo 

VoL HI. Ammonia Soda *io 00 

VoL IV. Electrolytic Methods (In Press.) 

Technical Chemists* Handbook i2mo, leather, *3 50 

Technical Methods of Chemical Analysis. Trans by C. A Keane. 

in collaboration with the corps of specialists. 

VoL I. In two parts 8vo, *i5 00 

VoL n. In two parts 8vo, *i8 00 

VoL in. (In Preparation.) 

Lapton, A., Parr, G. D. A., and Perkin, H. Electricity as Applied to 

Iftining 8vo, *4 50 

Loquer, L. M. Minerals in Rock Sections 8vo, *i 50 

Ifacewen, H. A. Food Inspection 8vo, *2 50 

Mackenzie, N. F. Notes on Irrigation Works 8vo, *2 50 

Madde, J. How to Make a Woolen Mill Pay 8vo, *2 00 

Mackrow, C. Naval Architect's and Shipbuilder's Pocket-book. 

i6mo, leather, 5 00 

lEasuire, Wm. R. Domestic Sanitary Drainage and Pltmibing . . . .8vo, 4 00 
Mallet, A. Compound Engines. Trans, by R. R. Buel. (Science Series 

No. 10.) i6mo, 

Mansfield, A. N. Electro -magnets. (Science Series No. 64.) . . . i6mo, o 50 

Maiks, E. C. R. Construction of Cranes and Lifting Machinery . lamo, *i 50 

Construction and Working of Pumps iimo, *i 50 

Manufacture of Iron and Steel Tub33 lamo, *2 00 

Mechanical Engineering Materials i2mo, *i 00 

Marks, G. C. Hydraulic Power Eng'meering 8vo, 3 50 

Inventions, Patents and Designs lamo, *i 00 

Madow, T. G. Drying Machinery and Practice 8vo, *5 00 

Manh, C. F. Concise Treatise on Reinforced Concrete 8vo, *2 50 

■» ■ Reinforced Concrete Compression Member Diagram. Mounted on 

Cloth Boards *x 50 

Mtfih, C. P., and Dunn, W. Manual of Reinforced Concrete and Con- 

erele Block Construction z6mo, morocco, *2 50 
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Marshall, W. J., and Sankey, H. R« Gas Engines. (Westminster Series.) 

8yo, 

Martin, G. Triumphs and Wonders of Modem Chemistry 8to, . 

Martin, N. Properties and Design of Reinforced Concrete zamo, • 

Massie, W. W., and XJndeifaill, C. R. Wireless Telegraphy and Telephony. 

lamo, 
Matheson,D. Australian Saw-Bfiller's Log and Timber Ready Reckoner. 

zamo, leather, 

Mathot, R. £. Internal Combustion Engines 870, 

Maurice, W. Electric Blasting Apparatus and Explosives .Svo, 

Shot Firer's Guide Svo, 

Maxwell, J. C. Matter and Motion. (Science Series No. 36.). 

i6mo, o 50 
Maxwell, W. H., and Brown, J. T. Encyclopedia of Mtmcipal and Sam- ~ 

tary Engineering 4to, *zo- tx> 

Mayer, A. M. Lecture Notes on Physics Svo, a 00 

McCuUough, R. S. Mechanical Theory of Heat Svo, 3 50 

Mcintosh, J. G. Technology of Sugar Svo, *4 50 

Industrial Alcohol Svo, '*3 00 

Manufacture of Varnishes and Kindred Industries* Three Volumes. 

Svo. 

Vol. 1. Oil Crushing, Refining and Boiling *3 50 

Vol. n. Varnish Materials and Oil Varnish Making *4 00 

Vol. m. Spirit Varnishes and Materials *4 50 

McKnight, J. D., and Brown, A. W. Marine Multitubular Boilers *z 50 

McMaster, J. B. Bridge and Tunnel Centres. (Science Series No. ao.) 

i6mo, o 50 

McMechen, F. L. Tests for Ores, Minerals and Metals zamo, *z 00 

McNeill, B. McNeill»s Code Svo, *6 60 

McPherson, J. A. Water- works Distribution Svo, a 50 

Melick, C. W. Dairy Laboratory Guide zamo, *i as 

Merck, E. Chemical Reagents; Their Purity and Tests .Svo, *z 50 

Merritt, Wm. H. Field Testing for Gold and Silver i6mo, leather, z 50 

Messer, W. A. Railway Permanent Way Svo (In Press,) 

Meyer, J. G. A., and Pecker, C. G. Mechanical Drawing and Machine 

Design 4to, 5 00 

Michell, S. Mine Drainage Svo, zo 00 

Mierzinski, S. Waterproofing of Fabrics. Trans, by A. Morris and H. 

Robson Svo, ♦a $0 

Miller, G. A. Determinants. (Science Series No zos.) z6mo, 

Milroy, M. E. W. Home Lace-making zamo, *z 00 

Minifie, W. Mechanical Drawing Svo, *4 00 

Mitchell, C. A. Mineral and Aerated Waters Svo, *3 00 

Mitchell, C. A., and Prideaux, R. M. Fibres Used in Textile and Allied 

Industries Svo, *3 00 

Mitchell, C. F., and G. A. Building Construction and Drawing, zamo. 

Elementary Course *z $0 

Advanced Course *a 50 

Monckton, C. C. F. Radiotelegraphy. (Westminster Series.) Svo, *a 00 

Monteverde, R. D. Vest Pocket Glossary of English-Spanish, Spanish- 
English Technical Terms , . . .64mo, leather, *z 00 
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Moore, B. C. S. If ew Tables for die Complete Solution of Ganguillet and 

Kotter's Formula 8to, *5 oo 

Iforecrofti J. H., and Hehre, F. W. Short Course in Electrical Testing. 

8vo, *! 50 
Morehig, C. A., and Neal, T. New General and Mining Telegraph Code. 

8to, *$ 00 

Morgan, A. P. Wireless Telegraph Apparatus for Amateurs lamo, *i 50 

Moses, A. J. The Characters of Cr3rstals Svo, *2 00 

Moses, A. J., and Parsons, C. L. Elements of Mineralogy Svo, *2 50 

Moss,SJL Elements of Gas Engine Design.(Science Series No.i2i.)i6mo, o 50 

The Lay-out of Corliss Valve Gears. (Science Series No. 1 19.) i6mo, o 50 

Mnlford, A. C. Boundaries and Landmarks i2mo, *x 00 

MuUin, J. P. Modem Moulding and Pattern-making lamo, 2 50 

Munby, A. E. Chemistry and Physics of Building Materials. (West- 
minster Series.) Svo, *2 00 

Murphy, J. G. Practical Mining z6mo, i 00 

Murphy. W. S. Textile Industries. Eight Volumes *20 00 

Murray, J. A. Soils and Manures. (Westminster Series.) Svo, *2 00 

Naquet, A. Legal Chemistry i2mo, 2 00 

Nasmifli, J. The Student's Cotton Spinning Svo, 3 00 

Recent Cotton Mill Construction i2mo, 2 00 

Neave, G. B., and Heilbron, I. M. Identification of Organic Compounds. 

i2mo, *i 25 

NeUson, R« M. Aeroplane Patents Svo, *2 00 

Nerz, F. Searchlights. Trans, by C. Rodgers Svo, *3 00 

Nasbit, A. F. Electricity and Magnetism {In Preparation.) 

Neuberger, H., and Noalhat, H. Technology of Petroleum. Trans, by 

J. G. Mcintosh Svo, *io 00 

NewaU, J. W. Drawing, Sizing and Cutting Bevel-gears Svo, i 50 

NIcol, G. Ship Construction and Calculations Svo, *4 50 

Nipher, F. B. Theory of Magnetic Measurements i2mo, i 00 

Nisbet, H. Grammar of Textile Design Svo, *3 00 

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, o 50 

Noll, A. How to Wire Buildings iimo, i 50 

North, H. B. Laboratory Notes of Experiments in General Chemistry. 

(In Press.) 

Nligent, E. Treatise on Optics i2mo, i 50 

O'Connor, H. The Gas Engmeer's Pocketbook i2mo, leather, 3 50 

Petrol Air Gas i2mo, ♦o 75 

Ohm, G. S., and Lockwood, T. D. Galvanic Circuit. Translated by 

WlUiam Francis. (Science Series No. 102.) i6mo, o 50 

Olsen, J. C. Text-book of Quantitative Chemical Analysis Svo, *4 00 

Olsson, A. Motor Control, in Turret Turning and Gun Elevating. (XJ. S. 

Navy Electrical Series, No. i.) i2mo, paper, *o 50 

Oodfai, M. A. Standard Polyphase Apparatus and Systems Svo, *3 00 

FakMy W. C. C, and Nankivell, A. T. The Science of Hygiene . .Svo, *i 75 

Pttlazy A. Industrial Photometry. Trans, by G. W. Patterson, Jr. . Svo, *4 00 

Pttmetyy C Colliery Manager's Handbook Svo, *io 00 
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Paiker, P. A. M. The Control of Water Sro (In Press.) 

Parr, G. D. A. Electrical Engineering Measuring Instruments . . . .8vo, * 3 50 

Parry, E. J. Chemistry of £s33ntial Oib and Artificial Perfumes. . .8to, *5 00 

Foods and Drugs. Two Volumes 8vo, 

Vol. I. Chemical and Microscopical Analysis of Foods and Drugs. "7 50 

Vol. n. Sale of Food and Drugs Act *3 00 

Parry, E. J., and Coste, J. H. Chemistry of Pigments , 8vo, *4 50 

Parry, L. A. Risk and Dangers of Various Occupations 8vo, *3 00 

Paiahall, H. F., and Hobart, H. M. Armature Windings 4to, *7 50 

Electric Railway Engineering 4to, *io 00 

Parshall, H. F., and Parry, E. Electrical Equipment of Tramways. . . . (/n Press.) 

Parsons, S. J. Malleable Cast Iron 8vo, *2 50 

Partington, J. R. Higher Mathematics for Chemical Students. .lamo, *2 00 

Textboc4c of Thermodynamics 8vo (In Press.) 

Passmore, A. C. Technical Terms Used in Architecture 8vo, *3 50 

Patched, W. H. Electric Power in Mines 8vo, *4 00 

Paterson, G^ W. L. Wiring Calculations iimo, *a 00 

Patterson, D. The Color Printing of Carpet Yams 8vo, *3 50 

Color Matching on Textiles 8vo, ^3 00 

The Science of Color Mixing 8vo, ^3 00 

Paulding, C P. Condensation of Steam in Covered and Bare Pipes. .8vo, *2 00 

Transmission of Heat through Cold-storage Insulation i2mo, *x 00 

Payne, D. W. Iron Fotmders' Handbook (In Press.) 

Peddie, R. A. Engineering and Metallurgical Books lamo, *i 50 

Peirce, B. System of Anal3rtic Mechanics 4to, zo 00 

Pendred, V. The Railway Locomotive. (Westminster Series.) 8vo, *2 00 

Perki^, F. M. Practical Methods of Inorganic Chemistry lamo, *x 00 

Perrigo, O. E. Change Gear Devices 8vo, i 00 

Perrine, F. A. C. Conductors for Electrical Distribution 8vo, *3 50 

Perry, J. Applied Mechanics 8vo, *2 50 

Petit, G. White Lead and Zinc White Paints 8vo, *i 50 

Petit, R. How to Build an Aeroplane. Trans, by T. O'B. Hubbard, and 

J. H. Ledeboer 8vo, *i 50 

Pettit, Lieut. J. S. Graphic Processes. (Science Series No. 76.) . . . i6mOy o 50 
Philbrick, P. H. Beams and Girders. (Science Series No. 88.) . . . i6mOy 

Phillips, J. Engineering Chemistry Svo^ *4 50 

Gold Assaying 8vo, ♦a 50 

Dangerous Goods 8vo, 3 50 

Phin, J. Seven Follies of Science i2mo, ♦! 25 

Pickworth, C. N. The Indicator Handbook. Two Volumes. .i2mo, each, z 50 

Logarithms for Beginners X2ma boards, o 50 

The Slide Rule i2mo, i 00 

Ptattner's Manual of Blow-pipe Analysis. Eighth Edition, revised. Trans. 

by H. B. Cornwall 8vo, *4 00 

Plympton, G. W. The Aneroid Barometer. (Science Series No. 35.) i6mo, o 50 

How to become an Engineer. (Science Series No. 100.) i6mo, o 50 

Van Nostrand's Table Book. (Science Series No. 104.) i6mOy o 50 

Pochet, M. L. Steam Injectors. Translated from the French. (Science 

Series No. 29.) z6mO| o S^ 

Pocket Logarithms to Four Places. (Science Series No. 65.) z6mo, o 5» 

leather, z oa^. 
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PoDtyUfF. DrtMingi and FinithhigH for Textile Fahrici. Sro, ^300 

Fopey F. G. Oigenic Chemistry iimoy *3 25 

Pope» F. L. Modem Practice of the Electric Telefraph 8vOy x 50 

Pop^well, W. C. Elementary Treatise on Heat and Heat Engines. . xamo, ^3 00 
Prevention of Smoke 8vo, *3 50 

— Strength of Ifaterials 8to, *i 75 

Porter^ J. R. Helicopter Flying Machine zsmoy *i 2$ 

Potter, T. Concrete 8to, ^3 00 

P6tts, H. E. Chemistry of ^e Rnbher Industry. (Ootlinas of Indus- 
trial Chemistry) Sto, *2 00 

Practical Compounding of Oils, Tallow and Grease 8vo, ^3 50 

Practical Iron Founding i2mo, i 50 

Pratt, K. Boiler Draught z2mo, *z 25 

Pray, T., Jr. Twenty Years with the Indicator 8vo, 2 50 

— Steam Tables and Engine Constant 8vo, 2 00 

— Calorimeter Tables 8vo, z 00 

Preece, W. H. Electric Lamps (In Press.) 

Prelini, C. Earth and Rock Excavation .8vo, *3 00 

— — Graphical Determination of Earth Slopes Svo, *2 00 

— Tunneling. New Edition 8to, ^3 00 

— Dredging. A Practical Treatise 8vo, *3 00 

Prescott, A. B. Organic Analysis 8vo, 5 co 

Prescott, A. B., and Johnson, O. C. Qualitative Chemical Analysis. . .8vo, *3 50 
Prescott, A. B., and Sullivan, E. C. First Book in Qualitative Chemistry. 

i2mo, *z 50 

Prideaux, E. B. R. Problems in Phjrsical Chemistry 8vo, *2 00 

Pritchard, O. G. The Manufacture of Electric-light Carbons . . 8vo, paper, *o 60 
Pollen, W. W. F. Application of Graphic Methods to the Design of 

Structures i2mo, *2 50 

■ Injectors: Theory, Construction and Working iimo, *i 50 

Polsifer, W. H. Notes for a History of Lead Svo, 4 00 

Purchase, W. R. Masonry zamo, *$ 00 

Putsch, A. Gas and Coal-dust Firing Svo, *3 00 

Pynchon, T. R. Introduction to Chemical Physics Svo, 3 00 

Rafter G. W. Mechanics of Ventilation. (Science Series No. 33.) . i6mo, o 50 

— ^- Potable Water. (Science Series No. 103.) i6mc 50 

Treatment of Septic Sewage. (Science Series No. zz8.) i6mo 50 

Rafter, G. W., and Baker, M. N. Sewage Disposal in the United States. 

4to, *6 00 

Raikes, H. P. Sewage Disposal Works Svo, *4 00 

Railway Sh<9 XJp-to-Date 4to, 2 00 

Ramp, H. M. Foundry Practice (In Press.) 

Kendall, P. M. Quartz Operator's Handbook. lamo, 2 00 

Randau, P. Enamels and Enamelling Svo, *4 00 

Rankine, W. J. M. Applied Mechanics Svo, 5 00 

Civil Engineering Svo, 6 50 

Machinery and Millwork Svo, 5 00 

The Steam-engine and Other Prime Movers. Svo, 5 00 

— — Useful Rules and Tables Svo, 4 00 

R|Uiklne,.W. J. M., and Bamber, E. F. A Mechanical Text-book. . . .8vo, 3 so 
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Raphael^ F. C. Localization of Faults in Electric Light and Power Hains. 

8w, ♦a 00 

Rasch, £. Electric Arc Phenomena. Trans, by K. Tomberg .(/n Press,) 

Rathbone, R. L. B. Simple Jewellery 8vo, *2 oo 

Rateau, A. Flow of Steam through Nozzles and Orifices. Trans, by H. 

B. Brydon 8vo, *! 50 

Raasenberger, F. The Theory of the Recoil of Guns Svo, *4 50 

Ratttenstrauchy W. Notes on the Elements of Machine Design. 8to, boards, *z 50 
Rautenstrauch, W., and Williams, J. T. Machine Drafting and Empirical 
Design. 

Part L Machine Drafting Svo, *z 25 

Part II. Empirical Design {In Preparation,) 

Raymond, £. B. Alternating Current Engineering Z2mo, *2 50 

Rayner, H. Silk Throwing and Waste Silk Spinning 8to, *2 50 

Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery Trades. 8to, 

Recipes for Flint Glass Making zamo, 

Redfem, J. B., and Savin, J. Bells, Telephones (Installation Manuals 

SeriesJ z6nio, 

Redwood, B. Petroleum. (Science Series No. 93.) z6mo, 

Reed, S. Turbines Applied to Marine Propulsion 

Reed's Engineers* Handbook 8vo, 

Key to the Nineteenth Edition of Reed's Engineers' Handbook. .8yo, 

Useful Hints to Sea-going Engineers zamo, 

Marine Boilers zamo, 

Guide to the Use of the Slide Valve zamo, 

Reinhardt, C. W. Lettering for Draftsmen, Engineers, and Students. 

oblong 4to, boards, 

The Technic of Mechanical Drafting oblong 4to, boards, 

Reiser, F. Hardening and Tempering of SteeL Trans, by A. Morris and 

H. Robson zamo, 

Reiser, N. Faults in the Manufacture of Woolen Goods. Trans, by A. 

Morris and H. Robson Svo, 

Spinning and Weaving Calculations 8vo, 

Renwick, W. G. Marble and Marble Working 8vo, 

Reynolds, O., and Idell, F. E. Triple Expansion Engines. (Science 

Series No. 99.) z6mO| 

Rhead, G. F. Simple Structural Woodwork zamo, 

Rice, J. M., and Johnson, W. W. A New Method of Obtainhig the Differ- 
ential of "^unctions zamo, 

Richards, W. A., and North, H. B. Manual of Cement Testing zamo, 

Richardson, J. The Modern Steam Engine 8vo, 

Richardson, S. S. Magnetism and Electricity zamo, 

Rideal, S. Glue and Glue Testing 8vo, 

Rimmer, E. J. Boiler Explosions, CoUapses and Mishaps 8vo, 

Rings, F. Concrete in Theory and Practice zamo, 

Reinforced Concrete Bridges 4^0, 

Ripper, W. Course of Instruction in Machine Drawing folio, 

Roberts, F. C. Figure of the Earth. (Science Series No. 79.) z6mo, 

Roberts, J., Jr. Laboratory Work in Electrical Engineering Svo, 

Robertson, L. S. Water-tube Boilers 8yo, 

Robinson, J. B. Architectural Composition 8vo, *a go 
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Robintoiiy S. W. Practical Treatise on the Teeth of Wheels. (Sdence 

Series No. 24.) , . , zdmoy o 50 

Railroad Economics. (Science Series No. 9p.) i6m09 o 50 

Wrought Iron Bridge Members. (Science Series No. 60.) i6mo, o 50 

SobMm, J. H. Hachine Drawing and Sketching 8vo, *i 50 

BoeUing, J A. Long and Short Span Railway Bridges folio, 25 00 

Rogers, A. A Laboratory Guide of Industrial Chemislij lamo, *z 50 

Rogers, A., and Aubert, A. B. Industrial Chemistry. 8vo, ^5 00 

Rogers, F. Magnetism of Iron Vessels. (Science Series If o. 30.) . i6mo, o 50 
Rohland, P. Colloidal and Crystalloidal State of Matter. Trans, by 

W. J. Britland and H. £. Potts i2mo, *i 25 

Ronins, W. Notes on X-Light 8iro, *5 00 

RoUinson, C. Alphabets Oblong, i2mo, *i 00 

Rose, J. The Pattern-makers' Assistant .8vo, 2 50 

Key to Engines and Engine-running i2mo, 2 50 

Rose, T. JL The Precious Metals. (Westminster Series.) Svo, *2 00 

Rosenhain, W. Glass Manufacture. (Westminster Series.) 8to, *2 00 

Ross, W. A. Blowpipe in Chemistry and Metallurgy i2nio, *2 00 

Rossiter, J. T. Steam Engines. (Westminster Series.) . .8vo {In Press.) 

Pun^ and Pumping Machinery. (Westminster Series.) Svo, 

(In Press.) 

Roth. PhjTsical Chemistry Svo, *2 00 

Rottillion, L. The Economics of Manual Training Svo, 2 00 

Rowan, F. J. Practical Physics of the Modem Steam-boiler Svo, *$ 00 

Rowan, F. J., and Idell, F. E. Boiler Incrustation and Corrosion. 

(Science Series No. 27.) i6mo, o 50 

Ro^drars^, W. General Foundry Practice Svo, *3 50 

Rtshmer, £• Wireless Telephony. Trans, by J. Erskine-Mtirray . .Svo, *3 50 

Russell, A. Theory of Electric Cables and Networks Svo, *3 00 

« 

Sabine,'R. History and Progress of the Electric Telegraph i2mo, i 25 

Saeltzer, A. Treatise on Acoustics i2mo, i 00 

Salomons, D. Electric Light Installations, iimo. 

Vol. L The Management of Accumulators 2 50 

VoL n. Apparatus 2 25 

VoL in. Applications i 50 

Sanford, P. G. Nitro-ezplosives Svo, *4 00 

Saunders, C. H. Handbook of Practical Mechanics i6mo, i 00 

leather, i 25 

Saunnier, C. Watchmaker's Handbook i2mo, 3 00 

Sayers, H. M. Brakes for Tram Cars Svo, "^i 25 

Scheele, C. W. Chemical Essays Svo, *2 00 

Schdthauer, W. Shale Oils and Tars Svo, ^^3 50 

ScheUen, H. Magneto-electric and Dynamo-electric Machines .... Svo, 5 00 

Scherer, R. Casein. Trans, by C. Salter Svo, *3 00 

Schidrowitz, P. Rubber, Its Production and Industrial Uses Svo, *$ 00 

Scfaindler, K. Jrpn and Steel Construction Works. i2mo, *i 25 

Schmall,. C. N. First Course in Analytic Geometry, Plane and Solid. 

i2mo, half leather, *i 75 

f^Antali^ C. N., and Shack, S. M. Elements of Plane Geometry. . . i2mo, *i 25 

Schmeer, L. Flow of Water. , .-. .^Svo, *3 00 
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Schumann, F. A Mftntial of Heating and Ventilation .... ximo, leather, z 50 

Sehwarz, £. H. L. Causal Geology 8to, *2 50 

Schweizer, V. Distillation of Resins 8yo, *3 50 

Scott, W. W. Qualitative Analysis. A Laboratory Manual 8to, *z 50 

Scribner, J. M. Engineers' and Mechanics' Companion. . . x6mo, leather, z 50 

Searle, A. B. Modem Brickmaking 8yo, *5 00 

Searle, G. M. " Stunners' Method." Condensed and Improved. 

(Science Series No. Z24.) z6mo, o 50 

Seaton, A. £. Manual of Marine Engineering Svo, 8 00 

Seaton, A. E., and Rotmthwaite, H. M. Pocket-book of Marine Engineer- 
ing z6mo, leather, 3 00 

Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India Rubber and 

Gutta Percha. Trans, by J. G. Mcintosh 8vo, *5 00 

Seidell, A. Solubilities of Inorganic and Organic Substances 8vo, "^3 00 

Sellew, W. H. Steel Rails 4to, ♦ii 50 

Senter, G. Outlines of Physical Chemistry lamo, "^z 75 

Text-book of Inorganic Chemistry i2mo, *i 75 

Sever, G. F. Electric Egnineering Experiments Svo, boards, "^i 00 

Sever, G. F., and Townsend, F. Laboratory and Factory Tests in Elec- 
trical Engineering Svo, *2 50 

Sewall, C, H. Wireless Telegraphy Svo, *2 00 

Lessons in Telegraphy iimo, *z 00 

Sewell, T. Elements of Electrical Engineering Svo, *3 00 

The Construction of Dynamos Svo, *3 00 

Sexton, A. H. Fuel and Refractory Materials i2mo, "^2 50 

Chemistry of the Materials of Engineering i2mo, *2 50 

Alloys (Non-Ferrous) Svo, *3 00 

The Metallurgy of Iron and Steel Svo, *6 50 

Sejrmour, A, Practical Lithography Svo, *2 50 

Modem Printing Inks Svo, *2 00 

Shaw, Henry S. H. Mechanical Integrators. (Science Series No. 83.) 

z6mo, o 50 

Shaw, P. E. Course of Practical Magnetism and Electricity Svo, "^i 00 

Shaw, S. History of the Staffordshire Potteries Svo, 2 00 

Chemistry of Compounds Used in Porcelain Manufacture .... Svo, *5 00 

Shaw, W. N, Forecasting Weather Svo, *3 50 

Sheldon, S., and Hausmann, E. Direct Current Machines Z2mo, *2 50 

Alternating Current Machines i2mo, *2 50 

Sheldon, S., and Hausmann, E. Electric Traction and Transmission 

Engineering i2mo, *2 50 

Sheriff, F. F. Oil Merchants' Manual Z2mo, *3 50 

Shields, J. E. Notes on Engineering Construction Z2mo, z 50 

Shreve, S. H. Strength of Bridges and Roofs Svo, 3 50 

Shunk, W. F. The Field Engineer z2mo, morocco, 2 50 

Simmons, W. H., and Appleton, H. A. Handbook of Soap Manufacture. 

Svo, ^3 00 

Simmons, W. H., and Mitchell, C. A. Edible Fats and Oils Svo, * 3 00 

Simms, F. W. The Principles and Practice of Levelling Svo, 2 50 

Practical Tunneling Svo, 7 50 

Simpson, G. The Naval Cnostructor z2mo,niorroco, *5 00 

Simpson, W. Foundations Svo (In Press.) 
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Sindairy A. Deyelopment of the LocomotiTe Engiiie. . . 8vo, half leather, 

Twentieth Centuxy LocomotiTe 8to, half leather, 

Sindall, R. W., and Bacon, W. N. The Testing of Wood Pulp 8vo, 

Sindall, R. W. Bftannfacture of Paper. (Wesmtinater Soies.) . . . .8vo, 

Sloane, T. O'C. Elementary Electrical Calculations i2nio, 

Smith, C. A. M. Handbook of Testing, MATERIALS 8vo, 

Smith, C. A. M., and Warren, A. O. New Steam Tables 8to, 

Smith, C. F. Practical Alternating Currents and Testing 8yo, 

Practical Testing of Dynamos and Motors 8to, 

Smith, F. B. Handbook of General Instruction for Mechanics . . . x2mo, 

Smhh, J. C. Manufacture of Paint 8to, 

Paint and Painting Defects 

Smith, R. H. Principles of Machine Work z2mo, 

Elements of Machine Work i2mo. 

Smith, W. Chemistry of Hat Manufacturing z2mo, "^3 eo 

Snell, A. T. Electric Motive Power 8vo, '*'4 eo 

Snow, W. G. Pocketbook of Steam Heating and Ventilation. (In Press,) 
Snow, W. G., and Nolan, T. Ventilation of Buildings. (Science Series 

No. 5.) i6mo, 

Soddy, F. Radioactivity 8vo, 

Solomon, M. Electric Lamps. (Westminster Series.) 8vo, 

Sothem, J. W. The Marine Steam Turbine 8vo, 

Sottthcombe, J. E. Chemistry of the Oil Industries. (Outlines of In- 
dustrial Chemistry.) 8vo, 
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